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Summary 
 
The growing trend towards the miniaturization of the machinable parts, development 
in the area of micro-electro-mechanical system (MEMS), and applications of micro-
features made on difficult-to-cut materials have made the micro-Electrical Discharge 
Machining (micro-EDM) an important and cost-effective manufacturing process. Due 
to negligible forces and good repeatability of the process, micro-EDM has become the 
best means for achieving high-aspect-ratio micro features in hard and difficult-to-cut 
materials like tungsten carbide. Although micro-EDM is found to be capable of 
machining any conductive materials regardless of hardness, micro-EDM alone cannot 
fulfill many requirements of the machined part performance due to several 
disadvantages like slow machining rate, high tool wear and defective surface finish. To 
establish micro-EDM as an effective process for machining tungsten carbide (WC), 
this study aims to develop several micro-EDM-based multi-processes to better 
understand and address the aforementioned performance issues.  
 
As micro-EDM is primarily an electrothermal process, the design, development and 
use of pulse generator is key to successful micro-EDM. Micro-EDM requires 
minimization of the pulse energy supplied into the gap; hence, this study starts with 
performance comparison of existing transistor-type pulse generator with the newly 
developed RC (Resistor-Capacitor) – type pulse generator for improved micro-EDM of 
tungsten carbide. In addition, a comparative study on the micro-EDM machinability of 
WC with widely used SUS 304 steel was conducted to study the feasibility of this 
research. It has been found that RC-type pulse generator is more suitable for 
fabricating micro-structures in WC, especially where accuracy and surface finish is of 
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prime importance. Moreover, for the fabrication of microstructures with good surface 
quality and dimensional accuracy using micro-EDM, WC exhibits better machinability 
compared to SUS 304. 
 
In the second phase of this research a low-frequency vibration device was developed 
for vibration-assisted micro-EDM of WC. Both analytical and experimental 
investigations have been carried out on the mechanism of vibration-assisted micro-
EDM and the effect of vibration frequency and amplitude on the machining 
performance, surface quality and accuracy of the micro-holes. A significant 
improvement in the machining performance as well as quality, accuracy and aspect 
ratio of micro-holes was observed, when low frequency workpiece vibration was 
introduced in micro-EDM drilling of WC. 
 
Moreover, an experimental investigation has been carried out on the on-machine 
fabrication of smaller diameter and high-aspect-ratio microelectrodes using Turning-
µEDM hybrid process and Block-µEDM process, in order to apply them in vibration-
assisted micro-EDM drilling of deep-holes in WC. Micro-holes with aspect ratio of 
16.7 have been achieved in difficult-to-cut WC using vibration-assisted micro-EDM 
with the fabricated high-aspect-ratio (Ø 40 µm, aspect ratio 75) microelectrodes 
machined by the moving-electrode-block-µEDM process.  
 
In addition to improved micro-EDM, many of the applications of WC often involve 
extreme mechanical demands at the surface. Hence, in the last phase of this research, 
investigation has been carried out to improve the quality and integrity of the surface 
finish using milling micro-EDM: a newly developed process. A comparative study on 
Summary 
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the performance of die-sinking and milling micro-EDM for finish machining of WC 
and ways of improving surface finish by two processes was also carried out. It has 
been found that micro-EDM milling is capable of generating smooth, shiny and defect-
free surfaces with lower Ra and Rmax, thus would be more suitable in EDM polishing of 
micro-moulds, micro-dies or 3D micro-structures. 
 
Finally, an analytical and experimental investigation has been carried out on the 
feasibility of achieving fine, shiny and non-defective surface finish in micro-EDM of 
WC using different nanopowder-mixed dielectric. Both analytical and experimental 
investigation show that the presence of semi-conductive or conductive powder in the 
dielectric can lower the breakdown strength of dielectric, increase the spark gap and 
make the discharging more uniform, thus improving the topography and roughness of 
the machined surface significantly in addition to higher material removal rate (MRR) 
and lower electrode wear ratio (EWR). 
 
The integration of multiple processes with micro-EDM can greatly enhance the 
performance by minimizing the shortcomings of using micro-EDM alone. Some of the 
important contributions of this study include developing and introducing RC-type 
micro-EDM for machining WC, developing and introducing low-frequency workpiece 
vibration for micro-EDM of WC and generating  nanosurfaces in WC using newly 
developed milling micro-EDM and nanopowder-mixed micro-EDM.  
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1.1 Importance of machining difficult-to-cut materials 
In recent years, materials with unique metallurgical properties - such as tungsten 
carbide and its composites, titanium based alloys, nickel based alloys, tool steels, 
stainless steels, hardened steels and other superalloys – have been developed to meet 
the demands of extreme applications. While these materials are harder, tougher, less 
heat sensitive and/or more resistant to corrosion and fatigue, they are more difficult to 
machine [Benes, 2007]. Difficult-to-cut materials have been widely used these days 
not only in the aerospace industry but also in the public welfare industry [Yasuo and 
Katsuhiko, 2004]. Therefore, the machining of difficult-to-cut materials is an important 
issue in the field of manufacturing. Since these difficult-to-cut materials possess 
excellent mechanical properties which can be useful in many important applications, 
machining of them can open up opportunities of utilizing them comprehensively.   
 
1.2 Challenges in machining of tungsten carbide 
Among the difficult-to-cut materials tungsten carbide (WC) is an extremely hard 
material used extensively in manufacturing because of its superior wear and corrosion 
resistance. Nowadays, WC and its composite (WC-Co) are of great influence in the 
production of cutting tools, dies and other special tools and components due to its high 
hardness, strength and wear resistance over a wide range of temperature 
[Mahdavinejad and Mahdavinejad, 2005]. Therefore machining of WC has become 
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one of the major concerns of the manufacturer for the last few decades. Significant 
researches have been carried out to machine this material with conventional machining 
processes. In conventional machining, this material is machined with pendulum 
grinding method using special and expensive disc. However, the material removal rate 
is very low [Mahdavinejad and Mahdavinejad, 2005].  Attempt has been made to 
machine this material with turning [Sandvik CIC Rolls]. The results indicate limited 
success when boron nitride tools with a cutting speed of 20-30 m/min, a feed rate of 
0.2-0.25 mm/rev and a cutting depth of 0.1-0.5 mm, is employed. Although high speed 
milling is widely used in metallic mould industry, it is difficult to apply it in machining 
cemented carbide due to extreme hardness and strength. Although several researches 
have been carried out on conventional machining of tungsten carbide, most of them are 
on the grinding and grooving, where the depth of cut and material removal rate (MRR) 
is low [Liu et al., 2004; Liu and Lee, 2001; Jia and Fischer, 1997; Engqvist et al., 
1999]. In general, grinding is the only accepted conventional method for machining 
various kinds of carbides, but limited to application where high surface quality is 
required [Guitrau, 1997; Mahdavinejad and Mahdavinejad, 2005].  
 
In order to overcome the technical difficulties in conventional machining and high 
costs associated with the elevated hardness and intrinsic brittleness, non-conventional 
machining is increasingly attempted for the machining of WC and its composites (WC-
Co), particularly for applications where dimensional accuracy with complex 
geometries are primary requirements. Electrical Discharge Machining (EDM) is one of 
the important and cost-effective non-conventional methods of machining this 
extremely hard and brittle material [Guitrau, 1997]. EDM or spark machining removes 
electrically conductive material by means of rapid, repetitive spark discharges from 
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electric pulse generators with the dielectric fluid supplying between the tool and 
workpiece. No physical cutting forces exist between the workpiece and tool. The non-
contact machining process has been endlessly evolving from a mere tools and dies 
making process to a micro-scale application machining. Micro-EDM is the application 
of EDM in microfield. The low energy range is becoming important when the EDM 
process is used in microfield. Micro-EDM has similar characteristics as EDM except 
that the size of the tool, discharge energy and axis movement resolutions are in micron 
level [Masuzawa, 2000]. At the present time, micro-EDM is a widespread technique 
used in industry for high-precision machining of all types of conductive materials such 
as: metals, metallic alloys, graphite, or even some ceramic materials, of whatsoever 
hardness [Puertas et al., 2004]. In recent years, micro-EDM has been used extensively 
in the field of micro-mould making, production of dies, cavities and even complex 3D 
structures [Alting et al., 2003]. The major advantage of EDM or micro-EDM over the 
conventional machining process is that it is an electro-thermal process of removing 
metal regardless of hardness where the force between the workpiece and tool is 
negligible. Thus, the error caused by the tool deformation due to force is almost zero 
[Tsai and Masuzawa, 2004]. Furthermore, there is no chatter, mechanical stress or 
vibration problem during the machining as there is no direct contact between the 
electrode and the workpiece [Ho and Newman, 2003]. Therefore, micro-EDM has 
been considered as one of most effective methods of machining WC. 
 
1.3 Significance of the research 
Although micro-EDM has several advantages over other machining processes and 
several researches have been carried out for last few decades on the micro-EDM of 
tungsten carbide, a number of issues remain to be solved before the micro-EDM 
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process can become a reliable, effective and economical process for manufacturing 
micro-tools, components and parts with micro-features by WC and its composites. 
 
Firstly, one of the major drawbacks of micro-EDM is that, the process is relatively 
slower than the conventional machining processes [Chern and Chuang, 2006]. The 
problems become more pronounced during the deep-hole micro-EDM drilling in 
difficult-to-cut materials. During the application of micro-EDM in deep-hole drilling, 
the circulation of dielectric and removal of debris become very difficult when the hole 
or the cavity becomes deep, resulting in low machining efficiency and low aspect ratio 
of the hole [Gao and Liu, 2003]. 
 
Secondly, many of the applications of WC often involve extreme mechanical demands 
at the surface; hence, the quality and integrity of the surface finish resulting from the 
EDM process can have a significant impact on the product performance. Moreover, in 
the production of dies and moulds by EDM, the surface finish of the cavities is 
reflected in the final products. Thus, the surface quality is of prime importance in the 
micro-EDM of WC. However, the main drawback of the EDM of WC and its 
composites is that EDM of hard metals usually yields a relatively poorer surface finish 
and integrity, including craters, micro cracks and unfavorable residual stress due to the 
thermal action [Casas et al., 2006].  Although a number of researches are being carried 
out in recent years to improve the surface quality of WC, most of the cases, diamond 
grinding and polishing are used after EDM [Koshy et al., 1997].  Many manufacturers 
worldwide are still using hand lapping to finish the EDM surface in order to achieve a 
high level of surface finish [Ramasawmy and Blunt, 2002]. However, this process of 
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hand lapping or polishing is difficult to apply in micro-components, micro-moulds and 
micro-dies fabricated by micro-EDM, as there is a chance of destroying the structures. 
 
Therefore, it has been found that, although requirements for micro-features in difficult-
to-cut materials have made micro-EDM a cost-effective manufacturing process, micro-
EDM itself cannot fulfill all the requirements of the product performance alone. There 
is a need to investigate the feasibility of introducing other processes in association with 
micro-EDM to meet the increasing demands and challenges of micro-EDM. The 
development of process which can provide micro-features with good surface quality 
and better dimensional accuracy at high machining efficiency is of prime importance. 
In this regard, this study considers micro-EDM based multi-process machining 
techniques which may improve the performance of the micro-EDM process in order to 
make it a more feasible process. The main implication of this research is that these 
micro-EDM based multi-processes should have significant contribution in the 
machining of tungsten carbide (WC) and its composites (WC-Co), and the processes 
should be applicable to small parts as well as die and mold making, where WC is 
primarily used. 
  
1.4 Research objectives 
This research aims to develop multi-process machining based on micro-EDM that is 
capable of improving and enhancing the performance of micro-EDM of WC. The 
principal approach is to incorporate a combination of micro-EDM and other processes 
in a single setup that will attain the aforementioned aim. In this context, a number of 
objectives that have been set to accomplish the principal aim are as follows: 
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• Evaluation and comparison of the performance of Transistor and RC type 
pulse generators for improved micro-EDM of WC. The effect of different 
operating parameters on the performance characteristics during the micro-
EDM of WC will also be investigated. 
• Investigating the micro-EDM machinability of WC against SUS 304 
austenitic steel in deep-hole micro-EDM drilling based on the machining 
stability, material removal rate (MRR), electrode wear ratio (EWR), surface 
quality and the dimensional accuracy of the micro-holes.   
• Analytical and experimental investigation of low-frequency workpiece-
vibration micro-EDM of tungsten carbide with focus of obtaining deep and 
quality micro-holes.  
• On-machine fabrication of high-aspect-ratio microelectrodes using 
Turning-µEDM hybrid process and Block-µEDM method and their 
application in micro-EDM drilling of small and high-aspect-ratio micro-
holes in WC using vibration-assisted micro-EDM. 
• Experimental investigation on feasibility of achieving fine surface finish in 
the micro-EDM of WC using two different micro-EDM-based approaches: 
die-sinking and milling micro-EDM by means of an RC-generator. A 
comparative study on the performance of die-sinking micro-EDM and 
milling micro-EDM will also be conducted for the finish machining of WC.   
• Analytical and experimental study of the powder-mixed micro-EDM of 
WC. A comparative study of the sinking and milling micro-EDM without 
and with the application of powder mixed dielectric will be presented in 
addition to investigation on the effect of different powder materials 
characteristics. 
                                                                                                               Introduction 
 
                                                                                                                                        7                        
 
1.5 Organization of the Thesis 
This chapter introduces the importance of machining difficult-to-cut tungsten carbide, 
significance of the research as well as the objectives of this study.  
 
Chapter 2 presents a comprehensive review of the current status of research related to 
the present study in addition to a brief overview on the EDM, micro-EDM and micro-
EDM based multi-processes. Chapter two ends with gap of the previous research 
works and how the proposed research aims to fill some of the gaps.  
 
Chapter 3 describes the experimental details including the experimental set-up, 
experimental procedures and methodology followed during different micro-EDM 
based processes. In addition, a brief overview of the measurement equipment is given. 
 
Chapter 4 presents a comparative study on the performance of transistor-type and RC-
type pulse generator for improved micro-EDM of tungsten carbide. In addition, the 
effect of different operating parameters on the performance characteristics during the 
micro-EDM of WC has been presented.  
 
Chapter 5 presents a comparative study on the micro-EDM machinability of WC 
against SUS 304 austenitic steel in deep-hole micro-EDM drilling based on the 
machining stability, MRR, EWR, surface quality and the accuracy of the micro-holes.  
 
Chapter 6 presents a comprehensive experimental investigation on the performance of 
low-frequency workpiece-vibration micro-EDM for deep-hole micro-EDM drilling in 
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WC. An analytical modeling on the mechanism of the workpiece-vibration-assisted 
micro-EDM is also presented.  
 
Chapter 7 discusses the process of on-machine fabrication of high-aspect-ratio 
microelectrodes using Turning-µEDM hybrid machining and Block-µEDM method. In 
addition, their application in deep-hole micro-EDM drilling without vibration and with 
vibration in micro-EDM has also been discussed. 
 
Chapter 8 presents a comparative study on the performance of two different micro-
EDM-based approaches: die-sinking micro-EDM and milling micro-EDM for the fine-
finishing of WC. In addition, the effects of different electrode materials and scanning 
speed on the performance of fine-finish micro-EDM and process of further improving 
the surface finish of tungsten carbide are discussed. 
 
Chapter 9 presents analytical modeling on the mechanism of powder-mixed micro-
EDM and the effect of different powder characteristics on the performance of micro-
EDM. In addition, an experimental study on the performance of powder-mixed sinking 
and milling micro-EDM for nanofinishing of WC is presented and compared with the 
results obtained without the addition of powder-mixed dielectric. 
 
The conclusions and summary of the contributions are presented in chapter 10. In 
addition, some directions for future work related to this study are also presented. 
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2.1 Introduction  
Electrical Discharge Machining (EDM) is a non traditional machining process that has 
become a well established machining option in manufacturing industries throughout 
the world and has replaced drilling, milling, grinding and other traditional machining 
operations in different aspects. Micro-EDM, a recent development, is found to be a 
cost-effective process for fabrication of micro-tools, micro-components and micro-
features with good dimensional accuracy and repeatability. The present chapter will 
provide an overview and background of the EDM and micro-EDM process as well as 
current researches on the micro-EDM of tungsten carbide. The importance of micro-
EDM based multi-processes and their application will be presented at the final section. 
 
2.2 Overview of the EDM Process 
2.2.1 Principle of EDM 
Electrical Discharge Machining (EDM) is the process of machining electrically 
conductive materials by using precisely controlled sparks that occur between an 
electrode and a workpiece in the presence of a dielectric fluid [Jameson, 2001]. EDM 
is based on the erosion of electrically conductive materials through the series of 
spatially discrete high-frequency electrical discharges (sparks) between the tool and 
the workpiece [Llanes et al., 2001]. 
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                                    (a)                                                                                   (b) 
  
                                 (c)                                                                            (d) 
Figure 2.1: Steps of different incidence in EDM; (a) occurring of spark at the closest 
point between workpiece and electrode, (b) melting and vaporization of workpiece and 
electrode materials during spark on-time, (c) vaporized cloud of materials suspended in 
dielectric fluid, and (d) removal of molten metal and occurring of next spark. 
 
Figure 2.1 illustrates that each spark occurs between the closest points of the electrode 
and the workpiece [Jameson, 2001]. The spark removes material from both the 
electrode and workpiece, which increases the sparking gap (distance between the 
electrode and the workpiece) at that point. This causes the next spark to occur at the 
next-closest point between the electrode and workpiece. As EDM is a thermal process, 
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of material from both of the electrodes. Part of this material is removed by the 
dielectric fluid and the remaining solidifies on the surface of the electrodes. The net 
result is that each discharge leaves a small crater on both workpiece and tool electrode 
[Allen and Lecheheb, 1996].  
 
2.2.2 Sparking phenomena in EDM 
In 1943 Lazarenko proposed the basic mechanism of EDM and since then there are 
differences in opinion regarding the spark ignition theories as well as metal removal 
procedure, thermal effects, thermal shocks, and mechanical stress [Schumacher, 
2004].. In brief, the basic understanding of sparking phenomena in Electro-discharge 
machining can be listed as below [Figure 2.2(a) and (b)]: 
• The sparking phenomena or electrical discharge during EDM can be separated 
into three important phases named as preparation phase for ignition, phase of 
discharge and interval phase between discharges [Schumacher, 2004].  
• When the gap voltage is applied, an electric field or energy column is created. 
This field gains highest strength once the electrode and surface are closest. 
• The electrical field eventually breaks down the insulating properties of the 
dielectric fluid. Once the resistivity of the fluid is lowest, a single spark is able 
to flow through the ionized flux tube and strike the workpiece.  
• The voltage drops as the current is produced and the spark vaporizes anything 
in contact, including the dielectric fluid, encasing the spark in a sheath of 
gasses composed of hydrogen, carbon and various oxides. The area struck by 
the spark will be vaporized and melted, resulted in a single crater. 
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• Due to the heat of spark and contaminates produce from workpiece, the 
alignment of the ionized particles in the dielectric fluid is disrupted and thus the 
resistivity increase rapidly. 
• Voltage rises as resistivity increases and the current drop as dielectric can no 
longer sustain a stable spark. At this point the current must be switched off, 
which is done by pulse interval. 
• During the current off time, as heat source is eliminated the sheath of vapor that 
was around the spark implodes. Its collapse creates a void or vacuum and 
draws in fresh dielectric fluid to flush away debris and cool the area. Also the 











                                             (a)                                                                              (b) 
Figure 2.2: Representation of sparking phenomena in EDM; (a) Model of EDM gap 
phenomena, (b) Discharge phenomena in EDM gap (Kunieda et al., 2005) 
 
2.3 Overview of the micro-EDM Process 
2.3.1 Micro-EDM: definition and types 
The basic mechanism of the micro-EDM process is essentially similar to that of the 
EDM process with the main difference being in the size of the tool used, the power 
supply of discharge energy and the resolution of the X-, Y- and Z-axes movement 
[Masuzawa, 2000]. Current micro-EDM technology used for manufacturing micro-
features can be categorized into four different types [Pham et al., 2004]: 
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 Die-sinking micro-EDM, where an electrode with micro-features is employed 
to produce its mirror image in the workpiece.  
 Micro-wire EDM, where a wire is used to cut through a conductive workpiece.  
 Micro-EDM drilling, where micro-electrodes are used to ‘drill’ micro-holes in 
the workpiece.  
 Micro-EDM milling, where micro-electrodes are employed to produce 3D 
cavities by adopting a movement strategy similar to that in conventional 
milling.  
 
There is another variant of micro-EDM called micro-WEDG (wire electro-discharge 
grinding) in which grinding is done using EDM. An overview of the capabilities of 
different types of micro-EDM is listed in the table 2.1 [Masuzawa, 2000]: 
 









Surface quality Ra 
(µm) 
Drilling 2D 5 µm ~ 25 0.05 – 0.3 
Die-sinking 3D ~ 20 µm ~ 15 0.05 – 0.3 
Milling 3D ~ 20 µm ~ 10 0.5 – 1 
WEDM 2 ½ D ~ 30 µm ~ 100 0.1 – 0.2   
WEDG Axi-sym. 3 µm 30 0.8 
 
2.3.2 Advantages of micro-EDM over other micromachining processes 
Compare to traditional micromachining technologies micro-EDM has several 
advantages such as [Reynaerts et al., 1997]: 
 Micro-EDM requires a low installation cost compared to lithographic 
techniques. 
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 Micro-EDM is very flexible, thus making it ideal for prototypes or small 
batches of products with a high added value. 
 Micro-EDM requires little job overhead (such as designing masks, etc.). 
 Micro-EDM can easily machine complex (even 3D) micro-shapes. 
 Shapes that prove difficult for etching are relatively easy for micro-EDM.  
 
Table 2.2 presents a comparative evaluation of the micromachining processes 
conducted by Makino [Grzesik, 2008] 
 
Table 2.2: Evaluation of micro-machining processes by Makino [J. Shanahan] 
 
Process Principle Minimum 
feature size 
(µm) 




Solidification  500 Mass production Spring back  
Micro-punching Plastic 
deformation 
50 Mass production Need uniform 
clearance 
Micro-milling  Force  25 Good accuracy and 
finish 
Tool deflection or 
damage 
Micro-grinding Force  25 Good surface finish Tool damage 
Micro-
steriolithography 
Lamination  12 Complex 3D shape Limited work 
materials  
Excimer laser Ablation  10 No heat damage  Limited work 
materials 
Micro-EDM  Melting/ 
Vaporization 






5 No contact/no 
force  
Surface damage 
Focused Ion Beam 
(FIB) 
Sputtering  0.2 Stress free Low MRR 
 
2.3.3 Compatibility of micro-EDM with other micromachining processes 
Micro-EDM has the advantage of machining of all types of conductive materials such 
as: metals, metallic alloys, graphite, or even some ceramic materials, of whatsoever 
hardness [Masuzawa, 2000]. Table 2.3 gives an overview of the compatibility of the 
different micromachining technologies [Reynaerts et al., 1997]. 
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Table 2.3: Compatibility of machining technologies with different materials 
Micromachining Technology Feasible Materials 
LIGA metals, polymers, ceramic materials 
Etching metals, semiconductors 
Excimer-LASER metals, polymers, ceramic materials 
Micro-milling metals, polymers 
Diamond cutting Non-Ferro metals, polymers 
Micro-stereolithography Polymers 
Micro-EDM metals, semiconductors, ceramics 
 
2.4 EDM/Micro-EDM of WC and its composite (WC-Co) 
2.4.1 Performance measures in EDM of WC 
In this area, the research interest is on the basic mechanism and the machining 
characteristics of the EDM for the machining of WC and methods of improving these 
performance measures. Pandey and Jilani [1987] studied the effects of pulse 
parameters and carbide composition on the rate of metal removal, relative electrode 
wear and shape and size of the crater produced. A single-spark model, for heat transfer 
during spark machining, has been employed to compute the crater shape, volume of 
erosion per spark, thickness of the resolidified layer and tool wear.  It was found that 
the presence of cobalt has a significant influence on the machining behaviors of 
carbides. Carbides with high Co percentage are more susceptible to surface cracking 
and also cause some defects such as pin holes, honeycombs etc. In addition, carbide 
with low cobalt content minimizes the resolidified layer at lower pulse duration and 
thus yields better surface finish. Moreover, a study was carried out on the influence of 
the factors of intensity, pulse time, and duty cycle over the surface quality, MRR and 
EW on the WC-Co material [Puertas et al., 2004]. The analysis was done using the 
technique of design of experiments (DOE) and techniques such as multiple linear 
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regression analysis. It was found that, in case of EDM the most influential factors on 
both surface finish and material removal rate were intensity, followed by the pulse 
time factor, while the effect of duty cycle factor was not statistically significant for the 
considered confidence level. Surface roughness increases with the increase of intensity 
as well as pulse time and duty cycle. The value of MRR increases with the increase of 
intensity, whilst an increase in pulse time brought about a decrease in MRR. In order to 
be able to obtain low values of electrode wear, values of the intensity factor close to its 
central value or slightly higher should be used along with low values for pulse time, 
within the considered work interval. Furthermore, Lee and Li [2001] have studied the 
influence of operating parameters on the machining characteristics in EDM of WC. 
The results suggested that better performance can be found in electrode as cathode and 
workpiece as anode and tools with negative polarity give higher MRR, lower tool wear 
and better surface finish. The WC was vaporized from the anode or thrown off in 
droplets when the temperature goes above the melting point of the anode causing a 
high machining rate and low tool wear [Lee and Li, 2001]. Moreover, the crater size 
obtained by positive polarity electrode was found to be larger in WC which generates 
more heat than negatively charged particle. Thus negative polarity electrode can 
produce better surface finish with burr free surfaces.  
 
Several researches have been carried out on the machining characteristics of die-
sinking EDM of WC and its composites. Researches have been carried out to compare 
the performance of oil die-sinking EDM with that of dry EDM and oil EDM milling 
[Yu et al., 2004]. The distinctive feature of dry EDM is that it uses gas not liquid as 
dielectric media. It was found that dry EDM is the most advantageous than oil EDM 
and oil die-sinking in terms of machining time and cost. In addition, dry EDM has high 
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machining speed, high metal removal rate, lower electrode wear ratio compare to other 
two types of machining. In dry EDM, oxidation reaction occurs with the supply of 
oxygen gas as the working fluid between electrodes. This increases the work removal 
volume during one discharge cycle compared to oil EDM milling even under the same 
discharge energy. The reason for the lower electrode wear ratio in dry EDM milling 
can be attributed to the small physical damage of the tool electrode caused by reactive 
force, because dry EDM is free from vaporization of liquid working fluid when 
electrical discharge occurs. It has also been reported that adhesion of machining debris 
on the electrode helps reduce electrode wear [Yu et al., 2004]. 
 
Furthermore, Mahdavinejad and Mahdavinejad [2005] carried out a study to analyze 
the instability and its reasons in the EDM of WC-Co composites and also introduce the 
way to control it. The results found have indicated that the EDM in die-sinking 
machines are unstable especially due to open circuit voltage, short circuit and arcing 
pulses. Accordingly, the increase of pulse duration time increases machining instability 
as surface becomes rougher due to melting and recasting of material. The solution of 
this instability is the prevention of cobalt emission which can make the process more 
stable. Thus reducing the percentages of Co or using binder-less WC can be a solution 
in this regard.  Gadalla and Tsai [1989a,b] also studied the effects of the cobalt content 
and the grain size on the machining characteristics of the cemented tungsten carbide. 
Their experimental results indicated that increasing the cobalt content could improve 
the stabilization of the EDM, to increase the material removal rate (MRR). Chen and 
Hsu [2003] have studied electrical discharge machining of non-contact seal face 
grooves in WC and SiC materials. It was found that the best combinations considering 
polarity of electrode and workpiece material during EDM are as follows: using 
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positive electrode in the case of tungsten carbide workpiece and using negative 
electrode in the case of silicon carbide give better surface finish in the grooves. Copper 
tungsten and copper electrodes were used for the EDM process. In addition, feasibility 
of EDM on cemented tungsten carbide was investigated by several researchers, and 
their experimental data revealed that EDM is an efficient process to shape the 
cemented tungsten carbide [Pandit and Rajurkar, 1981; Levy and Wertheim, 1988]. 
 
2.4.2 Mechanical properties of EDMed WC and ways of improvement 
Several researches have been carried out on the mechanical properties of EDMed 
carbides. Casas et al. [2006] conducted experiment to investigate the influence of 
multi-pass sequential EDM on the fracture and fatigue behavior of cemented carbide 
and also compared this with the behavior exhibited by a reference condition attained 
through conventional grinding and polishing using diamond as abrasive. It was found 
that the flexural strength of WC-Co hard metals under both monotonic and cyclic 
loading is strongly affected by EDM and also the EDMed surface is more fatigue 
sensitive than the reference one. Moreover, the flexural strength degradation is 
associated with EDM-induced residual stresses and strength improvement of EDMed 
hard metals can be obtained through secondary thermal treatments like annealing. The 
effect of electrical discharge energy on surface crack and bending strength of cemented 
tungsten carbide machined by EDM has also been investigated [Lin et al., 2008]. It has 
been found that the surface cracks on the machined surface were more serious when 
the discharge energy was higher which markedly reduced the bending strength. Bonny 
et al. [2009] has investigated the influence of EDM on the reciprocating sliding friction 
and wear response of WC-Co cemented carbides. It has been reported that, consecutive 
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execution of gradually finer EDM onto the WC–Co alloys considerably enhance the 
wear performance.  
 
In addition, to improve the mechanical strength of EDMed WC, the feasibility of PVD 
coatings was examined [Casas et al., 2004]. PVD coatings with TiN, TiAlN was given 
by arc ion plating (AIP) and the crystalline structure of the coatings was studied by the 
conventional X-ray diffraction technique. The experimental results showed that the 
detrimental effect of EDM on the fracture resistance of hard metal is considerably 
decreased through coating deposition. However, the mechanical strength of abrasive 
machined hard metals is not affected by the PVD coating process. Investigations have 
also been conducted on the feasibility of resisting adhesion and abrasive wear during 
the EDM of WC-Co by using hard coating of TiN [Casas et al., 2008]. The results 
indicate that both critical load for decohesion of the coating from the substrate and 
coating specific wear rate increase with finer-executed EDM, reaching values close to 
those measured for a TiN coating deposited on a ground and polished substrate. A 
study was also done on the corrosion behavior of cemented carbide during the micro-
EDM [Obara et al., 2004]. It was found that cemented carbide using nickel as binder or 
binder-less cemented carbide is less susceptible to corrosion thus provide better 
machined surface. Furthermore, Juhr et al. [2004] investigated the ways of improving 
the properties of cemented carbide after wire-EDM by pulse shaping. It was shown 
that with the development of new needle-pulse energy source for the EDM of WC and 
jet flushing system, an increase of bending strength of average 30% could be achieved. 
Deterioration in the material properties by processing with high pulse energies can be 
corrected only by a limited extent in the post-cut.  
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2.4.3 Surface quality and integrity in after EDMed WC  
A few numbers of researches has been carried on the surface integrity of the machined 
workpiece in the EDM of tungsten carbide. The machined workpiece surface integrity 
includes the microstructures, surface topography, micro-cracks, composition and 
hardness, under a wide range of machining conditions. It was found that the depth of 
the damaged layer and the average length, width and number of micro-cracks increase 
with the peak current and pulse duration [Lee and Li, 2003]. It has been found that 
there is no significant difference between the hardness of the EDMed surface and the 
original hardness of the workpiece for cases under all EDM conditions. Moreover, the 
correlation between EDM and surface integrity and its influence on the sliding contact 
response of a fine grained WC-Co hard has been discussed [Llanes et al., 2001]. The 
surface integrity at different conditions after sequential EDM as well as after grinding 
and polishing are discussed. It has been shown that finer-executed EDM followed by 
shot blasting and polishing with diamond can results in increasing scratch resistance 
and decreasing friction co-efficient upto values similar to those exhibited by referenced 
ground and polished surface. It was also observed that the carbides are dislodged at the 
ridges of the track and get loosened because of the removal of cobalt binder which 
results in poorer surface finish. Koshy et al. [1997] attempted grinding of cemented 
carbide with electrical spark assistance. The behavior of WC–TiC–(TaNb)C–Co 
cemented carbide whilst diamond grinding with electrical spark discharges 
incorporated at the wheel–work interface were discussed. It has been shown that the 
material removal rates in this process are much greater than those obtained in EDM of 
cemented carbides. Furthermore, to improve the surface of micro-EDMed WC-Co 
composites abrasive micro-blasting are found to be very effective [Qu et al., 2005]. 
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The micro-blasting, using 6–12 µm and 4–20 µm size SiC abrasive enables the 
removal of the recast layer and is suitable for micro mechanical components.  
 
2.4.4 Micro-EDM of WC and WC-Co 
Several researches have been carried out on the feasibility of fabricating micro-features 
by WC material. Yan et al. [1999] have made an investigation on the micro-hole 
machining of carbide with a copper electrode tool. The results obtained indicated that 
positive polarity machining must be used for Copper electrode during micro-hole 
machining in WC. The selection of electrode polarity varies depending on the 
electrode materials and types of machining operation. In addition, higher rotational 
speed can be used to minimize the expansion of micro-hole when one side notched 
electrode is used. This is because the electrode with one side notch can improve the 
flushing. Furthermore, tool electrode with one side notch can effectively reduce the 
expansion and horizontally placed electrode can make micro-hole elliptical. Moreover, 
experimental attempts of sub-micrometer-size machining of WC using micro-EDM 
have been taken by Han et al [2006]. In this study, the smallest possible diameter that 
can be obtained for micro-rods was examined by machining tungsten rod, and the 
factors affecting the limits for reducing diameter were investigated. Based on the 
investigation results it was found that the smallest possible diameter obtained was 
about 2.8 µm. A high-aspect-ratio WC-Co microstructure has been fabricated by a new 
micro fabrication process which combines LIGA and micro-EDM by Takahata et al 
[2000]. LIGA fabricated electrodes of negative geometry are electroplated in a metal 
plate for use in the micro-EDM. The fabricated high-aspect-ratio WC-Co 
microstructures of 1 mm long with gear pattern has a variation of 4 µm in the outside 
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diameter along its length and has high resistance to buckling and wear when used as 
mechanical components or tools. 
 
2.5 Multi-process machining based on EDM/ micro-EDM 
2.5.1 Variations in EDM: Milling micro-EDM 
Performance studies of milling EDM 
In recent years, several researches have been carried out on milling EDM. Chang and 
Chiu [2004] proposed an electrode wear-compensation process using a robust gap-
control system. Similar studies of sensing and compensating the tool wear in milling 
EDM has been reported by Bleys et al. [2004], in which they developed a new tool 
wear compensation method incorporating real-time wear sensing based on discharge 
pulse evaluation. In addition, Chang and Hong [2005] developed a buffered digital 
differential analyzer algorithm in a CNC controller to perform the milling EDM of a 
curve using sequence of segments developed by traditional CAM system. The 
proposed algorithm interpolates more than one segment in a sampling interval and 
supports the effective machining of a parametric curve when the electrode crosses the 
connection between the short segments. Moreover, EDM milling was used for high 
speed machining of 3D cavities using gas as dielectric [Kunieda et al., 2003]. It has 
been found that, milling EDM has remarkably small tool electrode wear and 
significantly high material removal rate especially when oxygen gas is used due to the 
extremely strong oxidation of steel workpieces. In addition, a study on the surface and 
sub-surface quality of the steel after three types of EDM (sinking EDM, wire EDM and 
milling EDM) has been carried out. It has been reported that, milling EDM can provide 
better performance in terms of surface roughness, sub-surface microstructure, 
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composition, micro-hardness and residual stress. Although several researches have 
been carried out on milling EDM, most of them are on developing and improving the 
principle of operation. 
 
Milling micro-EDM 
Moreover, in recent works several studies have been conducted on the micro-EDM 
milling process. A CAD/CAM system for micro-EDM milling was developed for 
machining small 3D freeform cavity [Zhao et al., 2004]. Moreover, the 
manufacturability of different materials: B4C, SiC, Si3N4-TiN in milling micro-EDM 
has been studied and the performance was compared to that of conventional die-
sinking EDM. However, they have given emphasize on mainly the manufacturing 
time, MRR and EWR with a very little discussion on surface, although they have 
noticed that milling micro-EDM can offer better performance compared to die-sinking.  
 
2.5.2 Vibration-assisted EDM/micro-EDM 
Mechanism of operation 
In recent years, introduction of ultrasonic vibration is one of the methods used to 
expand the application of EDM and to improve the machining performance on 
difficult-to-machine materials [Abbas et al., 2007]. The higher efficiency gained by the 
employment of vibration is mainly attributed to the improvement in dielectric 
circulation which facilitates the debris removal and the creation of a large pressure 
change between the electrode and the work piece, as an enhancement of molten metal 
ejection from the surface of the work piece [Guo et al., 1997]. In this process vibration 
is applied either in tool or workpiece during the machining.  
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Tool or electrode vibration 
The feasibility of the introduction of ultrasonic vibration into the deep hole EDM was 
first studied in early 90s’ and it was reported that employing ultrasonic vibration in 
EDM can improve the machining quality and the efficiency distinctly [Yishuang, 1990, 
Zhixin et al., 1994; Muro et al., 1994]. Therefore, ultrasonic vibration was also applied 
with the tool in EDM by Wansheng et al. [2002] during the deep-hole drilling of 
titanium alloy, which is one of the difficult-to-cut materials and have poor 
machinability. The results indicate that, bringing ultrasonic vibration into the micro-
hole EDM can improve the liquid flow behavior substantially and can improve the 
machining stability and efficiency. Moreover, to improve the machining performance 
of EDM, a combined method of ultrasonic and electrical-discharge machining has been 
developed by some researchers [Kremer, et al., 1989; Zhixin et al., 1997; Guo et al., 
1997]. In all these research studies, ultrasonic vibration was applied to the electrode. In 
this method of tool electrode vibration, due to the sucking and vibrating, dielectric 
circulation and debris removal are improved by ultrasonic vibration. Furthermore, a 
comparison on the effects of high and low-frequency axial vibration of electrode, 
rotation of electrode, and combinations of these methods on the performance in die-
sinking EDM has been carried out [Ghoreishi and Atkinson, 2002]. It was found that 
the combination of high-frequency vibration and rotation of electrode was more 
effective and provided the best results in comparison with pure EDM, rotary EDM and 
vibratory EDM alone.  
 
Workpiece vibration 
During vibration-assisted micro-EDM, ultrasonic vibration of the electrode has a 
problem in that, large vibration of the rotating can also be a reason for destroying the 
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machining stabbing, especially when the electrode is very thin [Gao and Liu, 2003]. 
Unlike to conventional EDM, tool vibration is comparatively more difficult to apply in 
micro-EDM, as the tool electrode is only of several micron diameters; hence there is a 
chance for tool deflection. Therefore, in recent years research has been carried out on 
the feasibility of workpiece vibration assisted EDM for the fabrication of micro-parts, 
especially during deep-hole drilling. Gao and Liu, [2003] presented a combined 
method of ultrasonic and electrical-discharge machining by using an ultrasonic 
transducer to vibrate the workpiece. The results show that the workpiece vibration 
induced by ultrasonic action has a significant effect on the performance of the EDM 
process and the efficiency and aspect ratio of the hole of the ultrasonic-aided micro-
EDM are noticeably increased.  In addition, a micro-punching machine was developed 
and the effect of vibration machining on the micro-punching EDM was investigated 
[Chern and Chuang, 2006]. The authors indicated that, the performance of the machine 
and geometry of the punched micro-holes are satisfactory as vibration helps to reduce 
electric short-circuiting. Moreover, experimental research has been carried out on the 
fabrication of micro-structures with non-circular cross-section [Tong et al., 2008].  The 
process analysis suggest that higher frequency vibration helps to acquire higher 
machining efficiency, and good machining effects can be obtained when the vibration 
amplitude is set nearly equal to the discharge gap.  
 
Vibration-assisted EDM in gas 
In recent yeas, researches have also been carried out using the ultrasonic vibration-
assisted EDM in gas. In this process, the gas is applied through the thin-walled pipe 
electrode [Abbas et al., 2007]. It has been found that the material removal rate (MRR) 
increases with the increase of open voltage, pulse duration, discharge current as well as 
                                                                                    Literature Review 
 
                                                                                            26
increase in vibration amplitude and decrease of electrode-pipe wall thickness [Zhang et 
al., 2005]. The heat generation by oxidation of molten and evaporated materials 
enhances the efficiency and MRR [Zhang et al., 2002]. Moreover, the performance of 
the process varies with the change of gas media [Zhang et al., 2006]. 
 
Vibration-assisted micro-EDM 
In recent years, the assistance of vibration has also been introduced during the micro-
EDM. Ultrasonic vibration was used to fabricate straight micro-holes with electric-
capacity variance and it was found that secondary discharging and electrode wear was 
reduced significantly [Kim et al., 2006]. Hung et al. [2006] used micro-EDM 
combined with ultrasonic vibration to drill deep micro-holes by a helical micro-tool 
electrode, and obtained good surface quality and less taper of the holes’ wall. 
Investigation has been carried out to machine micro-channels with a characteristic size 
of 25 micron on a titanium alloy with the assistance of vibration in micro-EDM 
[Murali and Yeo, 2004]. It was found that the roughness of the micro-channel was 
reduced by 19–43% with assisting the ultrasonic vibration of the workpiece. In 
addition, Huang et al. [2003] established a one-dimensional fluid dynamics model by 
superposing an ultrasonic vibration on normal electrode movement. They showed the 
machining efficiency of fabricating micro-holes was increased and the efficiency 
improvement was attributed to the strong stirring effect caused by the vibration.  
 
Although several researches have been carried out on applying the vibration in the 
electro-discharge machining, most of the researches used ultrasonic vibration at the 
tool electrode. Moreover, no study reported the application of vibration-assisted micro-
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EDM in tungsten carbide or its composites, which is one of the most important 
difficult-to-cut materials used extensively in manufacturing. 
 
2.5.3 Powder mixed EDM/micro-EDM 
Mechanism of powder mixed EDM 
Powder mixed electric discharge machining (PMEDM) is one of the recent innovations 
for the enhancement of capabilities of EDM process. In recent years, to improve the 
quality of the EDMed surface and also to reduce the surface defects, several 
investigators have found PMEDM to be an effective process. In this hybrid process, 
the electrically conductive powder is mixed in the dielectric of EDM, which reduces 
the insulating strength of the dielectric fluid and increases the spark gap between the 
tool and workpiece [Zhao et al., 2002, Tzeng et al., 2001, Wong et al., 1998]. Enlarged 
spark gap distance makes the flushing of debris uniform. As a result, the process 
becomes more stable, thereby; improving the material removal rate (MRR) and surface 
finish [Kansal et al., 2005]. Moreover, the surface develops high resistance to 
corrosion and abrasion [Uno and Okada, 1997; Uno et al., 1998]. In case of normal 
EDM, working fluid evaporates and creates gas explosion that results in mechanical 
thrust. In case of powder EDM the striking impact of powder particles is added with 
this mechanical thrust to remove materials. However the grinding effects of particles 
are negligible in case of material removal [Tzeng and Chen, 2005]. Moreover, it has 
been reported that powder particles in the gap are conducting and the role these 
powders play causes aberration in electric field [Zhao et al., 2002].  
 
Application of powder EDM in surface finishing 
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The introduction of powder materials in dielectric during the EDM was mainly applied 
with an intention of improving the surface finish, as conventional EDM usually yields 
comparatively poorer surface with some defects. Erden and Bilgin [1980] has 
investigated with powdered form of copper, iron, aluminium and carbon into 
commercial kerosene oil as impurities. The results indicated that added powder 
improves the breakdown characteristics of dielectric fluid. However excessive powder 
concentration makes the machining unstable as there occurs short-circuit. Jeswani 
[1981] conducted investigations with graphite powder into kerosene oil at a 
concentration of 4g/l and reported that the interspace for electric discharge initiation 
was increased while breakdown voltage was lowered. An improvement in machining 
process stability resulted in 60% increase in MRR and 28% reduction in WR. In 
addition, Mohri et al. [1991] used silicon powder of 10-30 µm size uniformly in 
dielectric fluid and performed machining at discharge current of 0.5-1 A for discharge 
duration less than 3 µs using negative polarity. It was able to produce surface with 
roughness less than 2 µm. However to achieve this performance even distribution of 
debris and short discharge time are required. Narimuya et al. [1989] reported that 
aluminium and graphite powder generates better surface roughness than silicon powder 
at specific machining conditions. Kobayashi et al. [1992] reported that silicon powder 
improves the surface finish of SKD-61 tool steel. Yan and Chen [1994] used 
aluminium and silicon carbide powder with dielectric and performed EDM on SKD-11 
and Ti-6Al-4V and reported improvement in MRR and increase in surface roughness. 
Uno and Okada [1997] reported that silicon powder mixed with dielectric reduces the 
impact force acting on the workpiece and results in smaller undulation of craters, 
hence glossy surface. Wong et al. [1998] used fine powders of silicon, graphite, 
molybdenum, aluminium and silicon carbide with dielectric. Aluminium powders was 
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found to produce mirror finish on SKH-51 workpiece but failed to produce mirror 
finish on SKH-54 material. Rather semi-conductive silicon and carbon powders were 
able to produce very fine finish condition. It was observed that electrode polarity 
(negative), pulse parameter and powder characteristics play a major role in producing 
very fine finish. Rahuman [1994] reported that with low powder feed rate (2 ml/s) 
graphite powder at a concentration of 2 g/l was able to yield Ra value of 0.0931 µm on 
SKH-54 tool steel. Wang et al. [2001] investigated Al and Cr powder in kerosene fluid 
which reduces isolation, increases the gap between tool and workpiece and thus 
stabilize the process. As small size particles have higher concentration, they would 
have higher suspension effect in dielectric fluid. Therefore there is higher probability 
that the gap will be bridged and uniform discharge dispersion will result in good 
surface finish. Chow et al. [2000] investigated SiC and aluminium powders into 
kerosene to machine micro-slit on titanium alloy by EDM. The addition of powders 
increased the inter-electrode gap that facilitates debris removal and also causes 
extension of slit expansion. Moreover uniform dispersion of discharge results in 
several discharge trajectories from single input impulse. Therefore several discharging 
spots are created resulting in increased MRR and better surface finish. It was also 
observed that material removal depth is better using SiC than using aluminium powder. 
Tzeng and Lee [2001] applied Al, Cr, Cu and SiC with working fluid and performed 
EDM on SKD-11 material. It was reported that machining performance is significantly 
affected by concentration, size, density, electrical resistivity and thermal conductivity 
of added powder. It was found that for a fixed concentration, highest MRR was 
achieved with smallest size particles. Moreover it was also revealed that due to its 
higher density Cu powder has almost no effect in EDM. Pecas and Henriques [2003] 
applied silicon powder at a concentration of 2g/l and found that operating time and 
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surface roughness decreases. It was also reported that average surface roughness 
depends on machining area and machining time.  
 
Application of powder mixed dielectric in micro-EDM 
Although there has been extensive research on improving the surface finish of EDMed 
surface, very few works have been done in case of micro-EDM. However, sometimes 
it becomes necessary to finish micro-components on-machine in order to avoid further 
finishing or manual hand lapping which can destroy the structure. Chow et al. [2000] 
has applied PMEDM for machining of micro-slit in a titanium alloy (Ti-6Al-4V) and 
has obtained better performance in terms of MRR and surface finish. Tan et al. [Tan et 
al., 2007] have investigated the effect of nanopowders additives on the surface 
roughness and discharge gap distances during the micro-EDM of AISI 420 stainless 
mould steel. It has been reported that, SiC and Al2O3 nanopowders can reduce the 
surface roughness during the micro-EDM of stainless steel. 
 
2.6 EDM/micro-EDM based multi-process machining of WC 
In recent years, a small number of researches have been conducted on the EDM/micro-
EDM based multi-process machining of carbides. Shabgard et al. [2006] investigated 
the effects of ultrasonic vibration of the tool electrode on the surface integrity of 
tungsten carbide (WC-10%Co) in the EDM process. The surface integrity was studied 
in terms of composition, number and size of the cracks on the surface layer, thickness 
of the defective layer and topography of the machined surface. It has been found that, 
ultrasonic vibration of tool decreases the thickness of the heat affected zone, recast 
layer and numbers, size and depth of radial and transverse cracks during the ultrasonic 
vibration-assisted EDM, which prevents the alteration of physical and mechanical 
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properties of the surface layer after EDM. In addition, ultrasonic vibration assisted 
EDM of tungsten carbide in gas medium was investigated and its principle was 
introduced [Xu et al., 2009]. It has been reported that, the micro-cracks during the 
EDM of tungsten carbide not only depends on the electrical parameter, but also 
influenced by the properties of cemented carbide such as melting point, thermal 
conductivity and fracture toughness. In the study, the authors only discussed the 
mechanism of the process and material removal mechanism during the process. 
However, no clear suggestions were given for improving the surface integrity and 
finish of tungsten carbide after EDM. 
 
Moreover, recently, Kung et al. [2009] introduced powder mixed EDM for the 
machining of cobalt-bonded tungsten carbide. However, they only investigated the 
MRR and EWR during the PMEDM of WC-Co. The response surface methodology 
(RSM) has been used to plan and analyze the experiments. It has been reported that, 
using dielectric fluid with conductive aluminium powder can increase the MRR and 
decrease the EWR by dispersing the discharge energy effectively, thus improving the 
overall machining efficiency. However, they haven’t studied the surface finish and 
integrity during powder mixed micro-EDM of WC-Co, although PM micro-EDM was 
used for improving the surface finish by most of the researchers. 
 
2.7 Concluding remarks  
From the detailed literature review the following conclusions can be drawn as the 
bases of this research: 
 One of the major drawbacks of the EDM of WC and its composites is that 
EDM of hardmetals usually yields a relatively poorer surface finish and 
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integrity including craters, micro cracks and unfavorable residual stress due to 
the thermal action. The poor surface integrity of the EDMed WC often leads to 
mechanical degradation of these materials. Hence, the quality and integrity of 
surface finish of WC and WC-Co composites resulting from micro-EDM are of 
critical interest. Very few works have been done on improving the surface of 
WC using micro-EDM or micro-EDM based processes. 
  In addition, the application of micro-EDM in deep-hole drilling is still limited 
due to the difficult flushing of the debris and unstable machining, particularly 
in the fabrication of high-aspect-ratio holes in difficult-to-cut materials, 
although such holes can have significant contribution in manufacturing. In most 
of the cases, the researchers used ultrasonic vibration in tool electrode for 
improving the performance. No study has been conducted on vibration-assisted 
EDM or micro-EDM of tungsten carbide. 
 Finally, although a small number of studies have been carried out on the 
feasibility of introducing multi-process machining to enhance the performance 
of EDM, no study so far has reported the application of any micro-EDM based 
multi-process for the machining of tungsten carbide or its composites. 
 
As a result, there is a need for developing multi-processes in a single setup to offer 
solutions to the aforementioned issues in the micro-EDM of WC.  
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Chapter 3 
Experimental Setup and Methodology 
 
3.1 Introduction  
This chapter describes the experimental set-up and experimental procedures used in 
different micro-EDM based multi-processes for machining of tungsten carbide 
throughout the thesis. The overview of the setup includes brief description of machine 
tool, workpiece, electrode and dielectric materials. Various measurement methods and 
equipment are also described in the final section.  
 
3.2 Experimental Setup 
3.2.1 Multi-purpose Miniature Machine Tool 
A multi-purpose miniature machine tool has been developed for high-precision micro-
machining at National University of Singapore [Lim et al., 2003], and has been going 
through continuous development. The machine has been used for conducting the 
micro-EDM experiments. This machine is energized by a pulse generator which can be 
switched to both transistor-type and RC-type. This machine is capable of micro-EDM, 
micro-turning, micro-milling, micro-grinding and micro-electrochemical machining 
(micro-ECM). The maximum travel range of the machine is 210 mm (X) × 110 mm 
(Y) × 110 mm (Z) with the resolution of 0.1 µm in X, Y and Z directions and full 
closed-feedback control ensures sub-micron accuracy. Figure 3.1 show the schematic 
diagram of the setup. The photograph of the setup has been presented in Figure 3.2.  
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Figure 3.2: Photograph of the experimental setup  
 
 
3.2.2 Workpiece material 
The workpiece material used in this study was WC of Grade MG18 with a composition 
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14.5 92.3 2597 4000 6600 5.5 × 10-6 
 
3.2.3 Tool material 
The most frequently used tool electrode material in this study was pure tungsten. The 
tungsten electrode was selected for its high melting point and wear resistance. The 
properties of the electrode material are given in table 3.2.  
 



















99.9 % W 19.3 3370 14.0 56.5 4.6 × 10-6 
 
3.2.4 Dielectric 
The dielectric fluid used in this study was commercially available “Total FINA ELF 
EDM 3” oil having relatively high flash point, low pour point, high auto-ignition 
temperature and high dielectric strength. Properties of EDM oil are shown in table 3.3. 
 
Table 3.3: Properties of the dielectric fluid 
 
Material Volumetric 





















oil 3 813 7.0 134 / 259 470 0.01 277/322 
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3.3 Experimental Procedures 
 
3.3.1 Micro-hole machining 
In the micro-EDM of WC, selection of electrode polarity is important. For this reason, 
the electrode polarity was firstly selected. The suitable electrode polarity was selected 
based on the MRR, EWR and surface quality of the micro-holes obtained during the 
micro-EDM of WC-Co. It has been found that, in the micro-EDM of WC, negative 
electrode polarity provides much higher MRR, low EWR and controlled performance 
[Appendix C]. Hence, the experiments were carried out with the electrode as negative 
polarity. However, in case of electrode dressing reverse polarity was used as more 
material was removed from the electrode and dressing process became faster. In case 
of micro-hole machining, after machining each hole the electrode was dressed using a 
sacrificial block of tungsten. The dressing was necessary as the electrode became taper 
after EDM of each micro-hole. Thus the worn out height of the electrode was dressed 
after machining each hole. Figure 3.3 presents the steps of electrode dressing during 










                                       (a)                         (b)                          (c) 
Figure 3.3: Electrode dressing for the micro-EDM of micro-holes; (a) drilling of 
micro-hole by micro-EDM, (b) dressing the taper length horizontally, (c) fresh 
electrode: approaching for next hole 
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                       (a)                                                                                  (b) 
                              
                                                                              (c)  
 
Figure 3.4: Measurement of (a) taper angle, (b) spark gap, and (c) circularity     
 
The performance of the micro-EDM process was evaluated by MRR, RWR, spark gap 
(Sg), surface quality and machining stability. Equations 3.1-3.4 (derived from the 
geometry shown in Figure 3.4) were used to calculate the MRR, EWR, spark gap (Sg) 
and taper angle respectively. 
thrrrrMRR BottomBottomTopTop ÷×++= }][3{
22π
                                                     (3.1) 
Where, rTop is the radius of the entrance diameter, rBottom is radius of exit diameter, h is 
the workpiece thickness and t is the machining time to make a hole at a setting. 
MRR
TWEWR =                                                                                                              (3.2) 





height at the rim 
Minimum height 
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DDS −=                                                                                                          (3.3) 
Where Dh is the average diameter of the hole after machining and Dt is the diameter of 










DD BottomTop −= −θ                                                                                            (3.4) 
Where θ is the taper angle, DTop is the entrance diameter of the hole and DBottom is the 
exit diameter of the micro-hole and h is the machined depth.  
 
 
Figure 3.5: Typical discharging in RC-circuit during micro-EDM of WC 
 
To study the machining stability, the percentage of short-circuits and other pulses are 
calculated from the signals obtained in an oscilloscope. Equation 3.5 represents the 
calculation of short circuit percentage from the oscilloscope screen images.  
100][..% ××= mn
sCS
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Where, ‘n’ is the number of screen images obtained from oscilloscope like Figure 3.5, 
‘m’ is the number of periods in each image, therefore, ‘n × m’ represents the total 
number of periods obtained. ‘s’ is the number of short-circuit pulses in total periods, 
%S.C. is the percentage of short-circuits. 
 
3.3.2 Fine-finish micro-EDM  
In the experiments, to obtain fine surface finish using RC circuit, die-sinking and 
scanning micro-EDM at a depth of 5 µm was conducted using 500 µm electrodes on 
the surface of WC under different machining conditions.  During the micro-EDM of 
WC, the experiments were carried out with the electrode as negative polarity. 








                                           (a)            (b) (c) 
Figure 3.6: Electrode dressing using plate EDM; (a) 1st step: slicing horizontally to 
remove the rough surface, (b) 2nd step: surface finishing by scanning using very low 
energy, (c) smooth surface of the electrode approaching for micro-EDM. 
 
After cutting from the bulk, the electrode surface became very rough. Firstly, the 
electrode was dressed to cut horizontally using a WC plate of 100 µm thickness to 
remove the rough surface using discharge energy of 1.5 µJ per pulse. Thereafter, to 
make the crater smaller and to smoothen the surface of the electrode facing the 
workpiece, a finish dressing is performed by scanning micro-EDM keeping the same 
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polarity using comparatively lower discharge energy (0.15 µJ per pulse). Figure 3.6 
presents the schematic diagram showing steps of the electrode dressing. The side views 
of the electrode before and after dressing respectively are shown in Figure 3.7. The top 
surface of the electrode facing the workpiece, reduction in grain size of the electrode 
surface after first and second step of dressing are presented in Figures 3.8(a), (b) and 
(c). It is seen from Figures 3.8(a) and (b) that, after first step dressing there may be 
some deposition of debrises with coarser crater size. Therefore, second step dressing 
using low discharge energy has been applied which resulted in smaller crater sizes. 
 
              
                                    (a)                                                                                  (b) 
Figure 3.7: Electrode dressing; (a) electrode tip after cutting the electrode from bulk, 
(b) Dressing of the rougher portion using semi-finish EDM. 
 
   
                      (a)                                                          (b)                                                   (c) 
Figure 3.8: Electrode surface after dressing; (a) top surface of the electrode after 1st 
step dressing, (b) comparatively higher crater size after 1st step dressing, (c) reduced 
crater size after 2nd step dressing. 
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3.4 Equipment used for measurement and analysis 
For measuring the dimensions, the Keyence VHX Digital Microscope (VH-Z450) was 
used. A Mahr Optical Multi sensor was used for measuring the circularity of the 
machined micro-holes. Moreover, to obtain images of surface quality a Scanning 
Electron Microscope (SEM) (JSM-5500, JEOL Ltd.) was used. An Energy Dispersive 
X-ray (EDX) machine associated with the SEM was also used to investigate the 
surface properties changes of the workpiece material after the micro-EDM process. 
The average surface roughness (Ra) and the distance between the highest peak and the 
lowest valley (Rmax) were measured using the Atomic force microscopy (AFM) 
technique, which scans the samples over an area of 40 µm X 40 µm. A Seiko Scanning 
probe microscope was used for this purpose. To monitor the overall sparking 
conditions, short circuiting and actual spark ON/OFF time an oscilloscope aided with 
electronic data recorder was used. The 2-Channel 100 MHz oscilloscope with model 
number 54622 was manufactured by AGILENT and the data recorder of Model PC 
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Chapter 4 
Performance study of Transistor- and RC-type Pulse 
Generators for improved micro-EDM of tungsten carbide 
 
4.1 Introduction  
In recent years, several researches have been carried out on the EDM and micro-EDM 
of tungsten carbide (WC). However, in most of the cases transistor-type pulse 
generator has been used to supply the discharge energy which is good for conventional 
EDM [Han et al., 2004]. But, as in micro-EDM, the fabrication of micro-parts requires 
minimization of the pulse energy supplied into the gap and also the performance of the 
micro-EDM is directly related to the discharge energy, transistor-type pulse generator 
sometimes may not fulfill all the requirements. On the contrary, RC-type pulse 
generator can produce very small discharge energy compared to transistor-type. 
Therefore, comparative study on the micro-EDM of WC using transistor- and RC-type 
pulse generator has been called for.   
 
4.2 Brief overview of Transistor- and RC-type pulse generator 
The transistor pulse generator is widely used in conventional EDM and provides a 
higher MRR due to its high discharge energy. Moreover, the pulse duration and 
discharge current can be arbitrarily changed depending on the required machining 
characteristics [Kunieda et al., 2005]. On the other hand, the RC-type pulse generator 
was the first type used for EDM, and it is still used in finishing and micro-machining 
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because the conventional transistor pulse generators do not produce a constant-energy 
pulse that is sufficiently short [Kunieda et al., 2005].  
 
If a transistor pulse generator is used in micro-EDM, it requires at least several tens of 
nanoseconds for the discharge current to diminish to zero after detecting the 
occurrence of the discharge because the electric circuit for detecting the discharge, the 
circuit for generating the signal to switch off the power transistor, and the power 
transistor itself have a certain delay. Hence it is difficult to achieve constant discharge 
duration shorter than several tens of nanoseconds using a transistor pulse generator. 
This is the reason why the micro-EDM process becomes unstable when the discharge 
energy is significantly reduced in a transistor pulse generator. The discharge energy in 
an RC generator can be significantly reduced and short iso-duration pulses can easily 












Figure 4.1: Schematic diagrams of the pulse generators examined in this study, (a) 
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Figure 4.1 shows a schematic representation of the transistor and RC pulse generators 
examined in this study. The main components of a transistor pulse generator are the 
gate drive circuit consisting of several transistors (TR) and current limiting resistors 
(R) as well as a current transducer (CT). The main components of an RC generator are 
the discharge control resistors (DCR), the discharge control capacitors (DCC), the peak 
hold circuit (PHC), and the CT. The open circuit voltage (Voc) is an integral part. 
 
4.3 Parameters influencing the micro-EDM process 
As micro-EDM is more commonly an electro-thermal process, the performance of the 
micro-EDM process is mainly dependent on the discharge energy supplied by the pulse 
generator during machining.  
In transistor-type pulse generator the discharge energy per pulse, Eds can be expressed 




1  (4.1) 
Where, Vp = Voltage of a single pulse, Ip= Current of a single pulse, Ton = Pulse on-
time, Toff = Pulse off-time. Again, Ton/(Ton+Toff) can be expressed as duty ratio which 
is denoted by η.  Thus, the equation (4.1) can be modified as: 
ηppds IVE =  (4.2) 
Therefore, the gap voltage, peak current, pulse duration, pulse interval and the duty 
ratio are the main operating parameters that influence the micro-EDM process. 
Apart from the Transistor-type, in RC-type pulse generator the maximum discharge 





  (4.3) 
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Where, C represents capacitance and Vs represents gap voltage. So in RC-type the 
performance of the micro-EDM process can be more precisely controlled by knowing 
the effect of only the gap voltage and the capacitance. 
 
4.4 Machining conditions and parameters 
A series of experiments were conducted using different machining conditions in both 
transistor- and RC-type pulse generators to study the effect of major operating 
parameters. The machining conditions for this study are listed in Table 4.1.  
 
Table 4.1: Machining parameters for micro-hole machining in the micro-EDM of WC 
 
Workpiece material WC-10wt%Co ( 100 µm thick) 
Tool electrode W, φ 0.3 mm 
Dielectric fluid Total EDM 3 oil 
  
Pulse generator type Transistor 
Voltage (V) 80, 100, 120,140,150 
Resistance (Ω) 6.8, 15, 33, 100 
Pulse on-time (µs) 3, 9, 15, 21, 27, 33 
Pulse off-time (µs) 6, 18, 30, 42, 54, 66 
Duty ratio Varied from 0.09 to 0.833 
  
Pulse generator type RC 
Voltage (V) 60, 80, 100, 120, 140 
Capacitance (pf) 4700, 2200, 470, 220, 100 
Resistance (kΩ)  Fixed to 1kΩ 
 
4.5 Effect of operating parameters in transistor-type pulse generator 
4.5.1 Effect of gap voltage  
It has been observed that with the increase of gap voltage, MRR increases for all 
settings of resistance. This is due to the fact that, the gap width and overcut also 
increases as the higher voltage allows breakdown of dielectric at a wider gap due to the 
higher electric field. In case of machining WC, the gap voltage is required to be set at 
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comparatively higher values due to high electrical resistance, high melting point and 
extreme hardness of carbides. It has been observed that below 60 V micro-EDM was 
difficult on WC using transistor-type pulse generator as the process became unstable, 
even though the resistance was set at its lowest available value. This is because in the 
micro-EDM process the dielectric is heated to an extremely high temperature which is 
above the melting point of the workpiece, so that material is removed from the 
workpiece by the phenomena of melting and evaporation. It is shown in the Figure 
4.2(a) that with the increase of gap voltage the MRR increases significantly. This 
increase in MRR is due to the high electric field and increase in overcut. As the 
material removal rate is increased greatly all the debris cannot be removed from the 
machining zone thus resulting burr joined at the rim of the holes. The effect of gap 
voltage on the relative wear ratio in the micro-EDM of WC is shown in the Figure 
4.2(b). It has been found that the EWR was lower at lower gap voltages of range of 80 
V to 120 V. However, at 6.8 Ω, the EWR was higher due to high discharge energy and 
at 100 Ω the wear was again very high due to high machining time. Although a large 
resistance can decrease the discharge energy, it also prevents sparks from taking place 
and thus results in discontinuous discharging which causes extensive tool wear [Liao et 



































R = 6.8 Ω R = 15 Ω R = 33 Ω R = 100 Ω
 
                                    (a)                                                                                (b) 
Figure 4.2: Effect of gap voltage on (a) MRR and (b) EWR in micro-EDM of WC 
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4.5.2 Effect of peak current 
The effect of peak current on the MRR and EWR for the micro-EDM of WC during 
the micro-hole machining is shown in Figures 4.3(a) and (b). It can be observed from 
Figure 4.3(a) that, for all settings of pulse duration, with the increase of peak current 
the discharge energy increases causing more material removal from the workpiece. It 
has been observed that the MRR increases almost linearly with the increase of peak 
current. But, the EWR decreases first with the increase of peak current, then again 
tends to increase at higher peak current. This is because with the increased peak 
current, the crater size became large and also the debris became too much in the gap 
which was difficult to remove from the machined region by side flushing. Therefore, 
arcing occurs due to the establishment of a conductive electrical path between the 
electrodes. As a result, more material is removed from the electrode compared to 




































15 µs 21 µs 27 µs
 
                                          (a)                                                                                    (b) 
Figure 4.3: Effect of peak current on (a) MRR and (b) RWR in micro-EDM of WC 
 
4.5.3 Effect of pulse duration 
Pulse duration (Ton) is the duration of time (µs) the current is allowed to flow per 
cycle. Figure 4.4 presents the effect of Ton on MRR and EWR during the micro-EDM 
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of WC. It has been found that MRR increases steadily with the increase of Ton as 
machining time reduces. However, very long Ton is not suitable for higher MRR as the 
pulse interval (Toff) becomes too small compared to Ton in that case. For the reason of 
minimizing Toff arcing occurs and MRR tends to decrease. So, there should be always 
a suitable combination of Ton and Toff to give higher material removal rate. In case of 
electrode wear, with the increase of Ton, the EWR decreases sharply first, then again 
tends to increase gradually, which indicates that, very low Ton can cause extensive tool 
wear. At very low Ton, due to frequent retraction of tool electrode, the electrode wear 
becomes higher than the material removal from workpiece, thus increasing the EWR. 
On the other hand, at higher Ton, more material is removed from the workpiece, portion 
of which sometimes get resolidified quickly on the machined surface, thus cause arcing 
to increase EWR again. It has been found that pulse duration of range 15-30 µs can 






























Toff = 30 µs Toff = 42 µs
 
                                               (a)                                                                             (b) 
Figure 4.4: Effect of pulse duration on (a) MRR and (b) RWR in micro-EDM of WC 
 
4.5.4 Effect of pulse interval 
Pulse interval (Toff) is the duration of time (µs) between two successive sparks when 
the discharge is turned off. Although Ton is the effective period in micro-EDM, Toff is 
also important and essential as pause is required for reionization of the dielectric. This 
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time allows the molten material to solidify and to be washed out of the spark gap. The 
effects of Toff for different values of Ton are shown in Figure 4.5. It is shown that the 
machining time increases very slightly, hence, the MRR decreases gradually with the 
increase of Toff. With the increase of Toff, there is more frequent electrode retraction; 
therefore the machining is interrupted more, which decreases the MRR. On the other 
hand, in case of EWR, both very short and higher settings of pulse interval cause high 
EWR. For shorter value of Ton the EWR decreases first and then increases with the 
increase of Toff. But for longer pulse duration, the EWR decreases sharply then again 
increases gradually with the increase of Toff. The optimum range of pulse interval is 




















Ton = 15 µs Ton = 30 µs













Ton = 15 µs Ton = 30 µs
 
                                                (a)                                                                               (b) 
Figure 4.5: Effect of pulse interval on (a) MRR and (b) RWR in micro-EDM of WC 
 
4.5.5 Effect of duty cycle 
The duty cycle is an important parameter to consider in transistor-type generator 
during the micro-EDM of WC. Together the Ton and Toff pulses comprise a single cycle 
of EDM and the duty cycle is defined as the pulse-on-time divided by the total cycle 
time. Though, it is desired that off-time should be as low as possible, but in most cases 
it should be selected based on the on-time used for machining. That’s why duty cycle 
is an important parameter in the micro-EDM. Figure 4.6 shows the oscilloscope 
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waveforms of the collective sparks for different combination of pulse-on-time and 
pulse-off-time. It has been found that at a duty ratio of 0.5 in Figure 4.6(c), the sparks 
were more controlled. This is due to proper idle machining period allowed for effective 
machining. On the other hand, at higher value of Ton the sparking signals were not 
uniform that was an indication of less effective machining [Figure 4.6(a)]. This was 
due to arcing that occurs at longer pulse duration. Again, at very high value of Toff as 
shown in the Figure 4.6 (b), the sparking became uneven due to more short-circuiting. 
Thus, the machining process became unstable.  
   
                                      (a)                                                                            (b) 
 
(c)  
Figure 4.6: Oscilloscope waveforms of collective sparks at different settings of Ton and 
Toff in transistor-type; (a) Ton = 30 µs, Toff = 15 µs at 80 V, 100 Ω, (b) Ton = 15 µs, Toff 
= 66 µs at 120 V, 100 Ω, (c) Ton = 15 µs, Toff = 15 µs at 80 V, 100 Ω 
 
The effect of duty cycle on the MRR and EWR is shown in the Figures 4.7(a) and (b). 
It has been found that with the increase of duty cycle the MRR increases up to a certain 
range then again tends to decrease. This may be due to the insufficient off-time 
allowed for flushing the material from the machined zone and unavailability of new 
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area to be machined due to deposition of debris. Therefore, due to deposition of debris 
a conductive channel is created, which results in arcing. The highest MRR was found 
at duty cycle of around 0.5. In case of electrode wear, the value of EWR decreased 
with the increase of duty cycle and remained steady upto 0.7; then again it tends to 
increase. Although, minimal off-time is required to increase MRR, but unfortunately a 
sufficient amount of off-time is also required to maintain machining stability as 
stability is more important than machining speed. So, considering all performance 


































                                                (a)                                                                             (b) 
Figure 4.7: Effect of duty cycle on (a) MRR and (b) EWR in micro-EDM of WC 
 
4.6 Effect of operating parameters in RC-type pulse generator 
4.6.1 Effect of gap voltage 
The gap voltage is also an important operating parameter in the RC-type micro-EDM. 
It was shown in Figure 4.8(a) that for all values of capacitance, with the increase of 
gap voltage the material removal rate increased. This is because with the increase of 
gap voltage the discharge energy increases as well as the spark gap also increases. 
Therefore, more materials that removed from the workpiece can be flushed easily 
leaving space for the newly machined material. The improved flushing in RC-type is 
attributed to the smaller craters generated by RC-type due to relatively lower energy 
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per pulse which can be flushed away from the machining zone by the dielectric. In 
case of EWR, it increases with the increase of gap voltage due to increased discharge 
energy. However, it was found from Figure 4.8(b) that very high value of capacitance 
results decreased relative wear ratio. Actually, this is not indicative of lower electrode 
wear. In this study the electrode wear was measured as a ratio of volume of electrode 
material consumed to the volume of material removed from the workpiece. Therefore, 
if the material is removed greatly compared to material removed from the electrode 
than, the ratio shows a decreased value although more material is removed from the 
electrode compared to that of lower capacitance. Finally, the justification is that the 
RC-circuit lessens the residual electrical charges in the electrodes, resulting in a more 
stable micro-EDM process and then promoting higher levels of material removal rate 






































c = 100 pF c = 470 pF c = 4700 pF
 
                                            (a)                                                                               (b) 
Figure 4.8: Effect of gap voltage on (a) MRR and (b) RWR in RC-type 
 
4.6.2 Effect of capacitance  
In RC-circuit, the capacitor controls the charging and discharging process as well as 
pulse of frequency of discharging. Therefore, the performance of the micro-EDM in 
RC-circuit is more influenced by the capacitance. For, the micro-EDM, the 
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minimization of pulse energy is necessary which can be easily fulfilled by using very 
low value of capacitance. Therefore, nano-pulse can be generated in RC-type with very 
short pulse duration. Thus, RC-type pulse generator is more suitable for the micro-
EDM where surface quality is of prime importance. It can be observed from Figure 
4.9(a) that with the increase of capacitance the MRR increased as the discharge energy 
increases. As the capacitance of the RC-circuit becomes larger, the peak current also 
increases. Therefore, the larger capacitance results in deeper craters which increase the 
material removal. The relative wear ratio also increased with the increase of 
capacitance. However, at higher value of capacitance the MRR increased much 
compared to electrode wear which presents decreased value of EWR at higher value of 




































V = 60 V V = 100 V
 
                                              (a)                                                                              (b) 
Figure 4.9: Effect of capacitance on (a) MRR and (b) EWR in RC-type   
 
However, it has been found that in RC-type the MRR, EWR do not always follow a 
trend with the operating parameters. There may be often some discontinuities in the 
trend showing the effect of operating parameters on the performance of the micro-
EDM. This may be due to the fact that, in RC-circuit the discharge energy across the 
gap between tool and workpiece is not uniform. In RC-generator the capacitor stores 
electrical energy. But as soon as the dielectric breaks down, it discharges the charge 
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stored in the capacitor [Han et al., 2004]. Therefore if the dielectric breakdown occurs 
before the capacitor is charged fully, it will not discharge the maximum energy rather 
there will be variation in the discharge energy.  
 
4.7 Comparative study on the performance of Transistor- and RC 
pulse generator for improved micro-EDM of WC 
In this study, the performance of the transistor generator was compared with that of the 
RC generator for the same value of gap voltages using lower peak currents and 
optimum values of pulse duration and interval (Ton = 15 µs, Toff = 15 µs, η = 0.5). The 
comparison was also conducted at the lowest possible discharge energies supplied by 
the transistor and RC-type pulse generators used in this setup across the same gap 
voltage, in order to obtain better quality micro-holes. 
 
4.7.1 Comparison of surface quality  
Figures 4.10(a) and (b) show the surface quality of entrance and exit side of the micro-
holes obtained in transistor-type pulse generator. It can be observed from the figures 
that in the micro-holes obtained using the transistor-type pulse generator; there are 
burrs due to recast layer formed at the rim of the hole, for which the surface quality 
deteriorates. At higher discharge energy the surface quality was poor which could be 
improved by minimizing the discharge energy. As can be seen, at 80 V and 100 Ω 
setting, comparatively better quality micro-holes can be obtained although the 
machining time becomes very long due to low material removal rate at lower energy. It 
is significant that in transistor-type the discharge energy per pulse is comparatively 
higher. It was found that the EDM process became unstable at voltage lower than 60 V 
in transistor-type. Therefore, large discharge energy caused violent sparks and resulted 
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in a deeper erosion crater on the surface. Hence, accompanying the cooling process 
after the spilling of molten metal, residues remained at the periphery of the crater.  
Therefore, as the discharge energy can not be reduced so much in transistor-type, the 
surface quality and circularity of the micro-holes found are not up to the mark.  
         
             (i) At 140 V, 6.8 Ω    (ii) At 100 V, 33 Ω                        (iii) At 80 V, 100 Ω 
 (a)  
         
               (i) At 140 V, 6.8 Ω             (ii) At 100 V, 33 Ω                        (iii) At 80 V, 100 Ω 
(b)   
Figure 4.10: (a) Entrance and (b) Exit side images of micro-holes in WC fabricated by 
transistor-type micro-EDM using 300 µm tungsten electrodes at different settings. 
 
On the other hand, the micro-holes machined by RC-type have better surface finish 
with good circularity. It can be seen from Figures 4.11(a) and (b) that, at almost all 
level of discharge energy the micro-holes obtained was free of burrs and recast layers. 
In addition, the circularity of the micro-holes has also been improved. Therefore, better 
surface quality micro-holes have been achieved by RC-generator. This is due to the 
reason that in the case of micro-EDM there is a need for minimization of discharge 
energy per pulse. In RC-type the discharge energy can be minimized simply by using 
very low value of capacitance. Therefore, as the energy per pulse is smaller in RC 
circuit, smaller craters are generated which means smaller amount of material is 
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removed per cycle. Thus, it is easier for the low pressured side flushing to wash away 
the debris from the machining zone with its dielectric flow. The average discharge 
energy in RC-generator is much smaller compared to the transistor-type. On the other 
hand, in transistor type set-up, larger energy per pulse resulted in larger craters, which 
means larger amount of material removal per cycle. The dielectric flow pressure in the 
machine might not be enough to wash it away from the machining zone in the short 
available time. This allows debris to re-solidify around the surface, resulting in bad 
surface profile. 
       
             (i) At 140 V, 4700 pF                   (ii) At 100 V, 470 pF                    (iii) At 80 V, 100 pF 
 (a) 
        
         (i) At 140 V, 4700 pF                     (ii) At 100 V, 470 pF                     (iii) At 80 V, 100 pF 
 (b) 
Figure 4.11: (a) Entrance and (b) Exit side images of micro-holes in WC fabricated by 
RC-type micro-EDM using 300 µm tungsten electrode at different settings. 
 
Figures 4.12(a) and (b) represent the EDX spectrum analysis of the best quality micro-
hole obtained in transistor and RC-type respectively. It can be observed from the 
analysis that in the micro-holes obtained using transistor-type the amount of carbon 
and oxygen content is more compared to RC-type. This excess amount of carbon came 
from the dielectric oil and dislodged from the WC in the form of debris and burrs that 
Performance study of Transistor and RC-type pulse generator  
 
                                                                                             57
remain resolidified around the surface of the micro-holes. Sometimes there were 
oxidization of debrises during resolidification at the rim; hence, the oxygen content. 
Moreover, the percentage of parent elements i.e., tungsten and cobalt decreased due to 
the additives at the rim of micro-holes fabricated in transistor-type, whereas in RC-
type the mass percentage remained almost the same showing that it can produce micro-






Figure 4.12: EDX analysis of a micro-hole fabricated by (a) transistor-type at 80 V, 
100 Ω; (b) RC-generator using 80 V, 100 pF. 
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4.7.2 Comparison of accuracy of the micro-holes 
Spark gap 
The RC pulse generator performed well from a dimensional accuracy perspective. 
Even though the spark gap can be lower at lower energy levels for transistor 
generators, the value of the spark gap varies very roughly with different combinations 
of machining conditions. A smaller spark gap is always required to obtain good 
dimensional accuracy. Figures 4.13(a) and (b) show the spark gap values for the 
transistor and RC circuits, respectively, as functions of the gap voltage during the 
machining of the micro-holes. Except for the 100 Ω resistance, a higher spark gap was 
obtained using the transistor pulse generator. The lowest spark gap obtained using the 
transistor circuit was about 5 µm. However, at 120 V and 6.8 Ω, the spark gap was 
about 35 µm. As the energy per pulse is lower for the RC pulse generator, the crater 
size is also lower, which resulted in a smaller spark gap as well as better surface 
quality. The spark gap did not vary significantly with different settings of the operating 
parameters in the RC circuit. This is a good indication of repeatability that is very 
important in the evaluation of dimensional accuracy. The average spark gap for the RC 
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                                         (a)                                                                                  (b) 
Figure 4.13: Spark gap for different machining parameters using the (a) transistor and 
(b) RC pulse generators 
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Taper angle 
The taper of the micro-holes was dependent on the discharge energy. More material 
was removed at a higher energy, and thus deeper and larger discharge craters were 
created on the workpiece surface. An unusual second discharge spark can be induced 
when debris piles up. This phenomenon causes the entrance of the micro-holes to be 
larger and makes the machining process unstable [Liu et al., 2005]. However, when the 
discharge energy was reduced; the diameter of the micro-hole entrance was not 
enlarged as much, thus reducing the taper angle. Another reason for taperness in 
micro-EDM drilling is that the debris produced during micro EDM process moves 
from the bottom of hole and ejects out from the top of hole along the outside of the 
electrode. This phenomenon will create secondary sparks between the debris and the 
work piece, slightly enlarging the hole at the top, thus making the micro-hole taper 
[Mathew et al., 2008]. Figures 4.14(a) and (b) show the taper angle of the micro-holes 
produced using transistor and RC pulse generators, respectively. The average taper 
angles were much smaller in micro-holes produced using the RC generator. Earlier 
[Fig. 4.10(iii)], we saw that the transistor generator produced a better surface quality 
micro-hole with relatively few burrs and a smaller spark gap using the 100 Ω setting. 
However, those micro-holes had considerable taper, as shown in Figure 4.14(a). This is 
due to the fact that the electrode wear was very high due to the longer machining time 
at 100 Ω. Thus, the electrode became more tapered due to corner wear. However, the 
micro-holes obtained using the RC generator had less taper and thus better dimensional 
accuracy. The maximum taper angle using the transistor generator was about 26° at the 
120 V and 100 Ω setting, whereas the highest taper angle using the RC circuit was 
only 10° using the 120 V and 4700 pF setting. The average taper angles were also 
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much smaller using the RC circuit. Thus, there was a consistency in the dimensions of 
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                                            (a)                                                                                   (b) 
Figure 4.14: Micro-hole taper angle for different machining parameters using the (a) 
transistor and (b) RC pulse generators 
 
4.7.3 Comparison of the machining performance 
Machining time 
Figure 4.15 shows the machining times for fabricating micro-holes in WC. Besides 
producing a poorer surface quality, the transistor pulse generator required a much 
longer machining time. It was very difficult to perform micro-EDM of WC below 60 V 
using the transistor pulse generator. It took 48 min to make a micro-hole of 300 µm in 
0.1 mm WC using the 60 V and 100 Ω setting; this is clearly not economical. Even at 
the 80 V and 33 Ω setting, it took 30 min to produce a similar quality micro-hole, 
which is also time-consuming. The RC pulse generator was faster and produced micro-
holes with a fine quality surface finish. A good quality surface finish was obtained in 
only 11 min using the 60 V and 470 pF setting. A hole with good dimensional 
accuracy and a completely burr-free surface required only 15 min using the 60 V and 
100 pF setting.  
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                                       (a)                                                                                     (b) 
Figure 4.15: Machining time for different parameters using the (a) transistor and (b) 
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                                             (a)                                                                                  (b) 
Figure 4.16: MRR for different machining parameters using the (a) transistor and (b) 
RC pulse generators 
 
Material removal rate 
The aim of micro-EDM is to achieve good surface quality at the highest possible 
MRR, which was met by using the RC pulse generator. If the MRR is increased by 
increasing the discharge energy in the transistor pulse generator, the surface quality 
begins to degrade. In the RC circuit, however, the MRR can be higher than that 
achieved by the transistor circuit without reducing the surface quality. The MRR for 
different operating parameters of the transistor and RC pulse generators are shown in 
Figures 4.16(a) and (b), respectively. Figure 4.16(a) shows that the MRR was higher 
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for the transistor generator only for 6.8 Ω, i.e., for a higher value of the peak current. 
However, the MRR was very low for the 33 Ω and 100 Ω settings. Even though the 
discharge energies for the RC generator were much lower, the MRR rate was higher 
compared to that obtained using the 33 Ω, and 100 Ω settings for the transistor 
generator [Figure 4.16(b)]. This is attributed to the smaller craters created by the RC 
generator due to the lower energy per pulse, and the debris flushing from the 
machining zone by the low-pressure dielectric used in the set-up. However, large 
debris volumes cannot be flushed away properly by low-pressure dielectric fluid. The 
debris affects the machining stability and rate, while also reducing the surface quality 
by adhering to the surface of the micro-holes. In addition, the reduction of discharge 
energy in the transistor generator meant that the machining became unstable, which 
also reduced the MRR. The average MRR of the RC circuit was higher than that of the 
transistor circuit at the low voltage settings.  
 
Electrode wear ratio 
The RC circuit produced a good quality surface finish at the cost of a comparatively 
high EWR. Figure 4.17 shows that the average EWR value was higher in the RC 
circuit than in transistor circuit. This was due to the very high peak current at the 
instant of spark initiation, followed by a rapid rate of decline. Therefore, the spark 
temperature resulting from this high current peak was much higher than that required 
to remove a particle from the workpiece, which can result in thermal damage to the 
tool electrode [McGeough, 1988]. The minimum EWR using the RC circuit was about 
25% compared to only 4% using the transistor circuit. The EWR was lower in the 
transistor generator only for 33 Ω at all voltage settings. At 6.8 Ω, the EWR was higher 
due to the high peak current, and at 100 Ω the wear was again very high due to the 
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long machining time. Although a large resistance can decrease the discharge energy, it 
also prevents sparks from taking place and thus results in discontinuous discharging, 
which causes extensive tool wear [Liao et al., 2004]. Micro-holes with a better surface 
can be obtained using comparatively low discharge energies at the expense of higher 
EWR for both types of generator. For the RC generator, the maximum electrode wear 
occurred at the 100 pF setting, while for the transistor generator, the RWR was higher 
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                                             (a)                                                                                 (b) 
Figure 4.17: EWR for different machining parameters using the (a) transistor and (b) 
RC pulse generators  
 
4.8 Concluding remarks 
Based on the experimental results the following conclusions can be drawn: 
• RC-type pulse generator can produce micro-holes with good surface quality 
with rim free of burr-like recast layer, smaller spark gap, good circularity and 
dimensional accuracy. 
• Although the MRR was higher for the transistor generator at higher discharge 
energy levels, the RC generator could provide a higher MRR for micro-EDM at 
lower energy settings. The RC generator required much less machining time to 
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obtain a micro-hole with the same quality surface finish. However, the average 
EWR was higher for the RC generator. 
• In RC-type micro-EDM, the performance can be controlled more easily by 
controlling the discharge energy as it is resolved by voltage and capacitance 
only. Conversely, in transistor-type micro-EDM the selection of optimum 
parameter needs much consideration.  
• As the discharge energy can be reduced easily in RC-type using very low 
capacitance, it is more suitable for fabricating micro-structures where accuracy 
and surface finish is of prime importance. Moreover, RC-type pulse generator 
can produce smoother surface compared to that of transistor-type in the fine-
finish micro-EDM of WC.   
 
Therefore, RC-type pulse generator will be used through out the research for the 
micro-EDM of WC. However, before proceeding to the micro-EDM based multi-
process machining of WC, the machinability of micro-EDM should be evaluated. The 
following chapter will present the micro-EDM machinability of WC against SUS 304 
steel which is widely used in EDM and micro-EDM. 
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Chapter 5 
Micro-EDM Machinability of WC against SUS 304 steel 
 
5.1 Introduction  
Among the difficult-to-cut materials, tungsten carbide (WC) and austenitic stainless 
steel (SUS 304) are two important materials used extensively in manufacturing 
because of their superior wear and corrosion resistance. Various conventional 
machining techniques have been applied in the machining of WC and austenitic steel 
and reported them as difficult-to-machine [Mahdavinejad and Mahdavinejad, 2005; 
Korkut et al., 2004; Tekıner and Yeşilyurt, 2004]. However, in recent years micro-
EDM is being used extensively for machining SUS 304 in both Laboratory research 
and industries. As the present study aims to machine WC using different micro-EDM 
based multi-processes, a machinability comparison between WC and SUS 304 steel 
will provide an understanding on the feasibility of using micro-EDM based process for 
machining WC for different applications. This chapter will present machinability 
evaluation of WC against SUS 304 in deep-hole drilling based on the machining 
stability during drilling deep-holes, achieved MRR, electrode consumption rate by 
each materials and quality and accuracy of the micro-holes after machining.  
 
5.2 Machining conditions 
A series of experiments have been conducted with view of obtaining deep and quality 
micro-holes in WC and SUS 304 using the machining conditions listed in table 5.1.  
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Table 5.1: Experimental conditions for the micro-EDM drilling 
 
Workpiece material  WC-Co, SUS 304 (t = 1, 1.5 mm) 
Tool electrode  W: φ 200 µm 
Aspect ratio of micro-holes 5, 7.5 
Dielectric fluid Total EDM 3 oil  
Pulse generator type RC 
Discharge energy per pulse (µJ) 7.04 to 98  
Voltage (V) 80, 100, 120, 140 
Capacitance (nF) 2.2, 10 
Resistance (kΩ)  Fixed to 1kΩ 
 
Table 5.2: Comparison of the important properties of WC and SUS 304 
 
Material WC-Co SUS 304 
Composition (Wt %) WC -
10wt%Co, 
0.6% others 
C : 0.08(max), Mn : 2.00(max), 
Si : 1.00(max), Cr : 18.0-20.0, 
Ni : 8.0-10.5, P : 0.045(max),  
S : 0.03(max), Fe : Balance 
Density (kg/m3) (at 250C) 14600 8000 
Hardness (HRA) (at 250C) 92.3 56.4 (~ 92 HRB) 
Modulus of Elasticity (GPa) (at 250C) 570 193 
Melting point (0C) 2597 1450 
Thermal conductivity (W/m.K) 112 16.2 
Thermal expansion coefficient (K-1) (0-1000C) 5.5 × 10-6 17.2x10-6 
Specific heat capacity (J/kg.K) (0-1000C) 200 500 
Electrical resistivity (nΩ.m) 160 720 
 
5.3 Machinability assessment of WC against SUS 304  
5.3.1 Machining Stability   
In this study, the sparking process was observed and recorded during micro-EDM 
drilling to study the machining stability. It is found that, the ‘open circuit’, ‘short 
circuit’ and ‘arcing’ pulses are the ineffective pulses. However, the ‘short circuit’ and 
‘arcing’ pulses are more harmful as their increase deteriorates the surface quality in 
addition to reduction in MRR. Figure 5.1 shows oscilloscope screen images showing 
example of bad and good discharging phenomena during micro-EDM drilling of deep-
holes. Figure 5.2 presents the percentage of short-circuits during the machining of 
WC-Co and SUS 304 at different levels of discharge energy and aspect ratios. It has 
been found that, the percentage of short-circuits is comparatively higher during drilling 
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SUS 304 than WC-Co. The reason behind this instability is the low thermal 
conductivity and high ductility of SUS 304. Low thermal conductivity can restrict the 
discharges from taking place more consecutively. In addition, ductility at higher 
temperature can produce more discrete and secondary sparking, as materials go into 
liquid phase quickly. Moreover, the amount of short-circuits are found more during 
drilling high-aspect-ratio micro-holes, as flushing becomes difficult at the deep holes 
to remove the debrises from the machined zone. Hence, fresh materials cannot come in 
contact with the electrode thus reducing the MRR. Moreover, unstable machining 
process causes longer machining time, which in turns reduces the MRR. 
   
                                     (a)                                                                                     (b) 
Figure 5.1: (a) Example of poor discharging phenomenon with more than 50% short 
circuits [at 32 µJ, SUS 304 (a.r. = 7.5)]; (b) Example of a very good discharging 
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Figure 5.2: Variation of short-circuits pulses (%) with discharge energy during 




more normal discharge 
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5.3.2 Material removal rate  
Figure 5.3(a) presents a comparative study on the MRR of WC-Co and SUS 304 
during drilling micro-holes of two different aspect ratios. It has been found that for 
both work materials, the MRR increases with the increase of discharge energies. 
During the micro-EDM process, the discharge energy supplied by the pulse generator 
is converted into thermal energy in order to raise the temperature of the workpiece 
materials to remove materials by means of melting and evaporation. In addition to 
discharge energy, the thermal and electrical properties of the workpiece materials can 
have influence on MRR. The “erosion efficiency” is a contributing factor in 
determining the MRR, which depends on the thermal and physical properties of the 
workpiece materials [Wong et al., 2003]. It has been found that for all levels of 
discharge energy, the MRR is higher in WC-Co composites compared to SUS 304 
non-magnetic austenitic steel for the micro-EDM drilling. It can be seen from Table 
5.2 that the thermal conductivity of WC-Co is much higher than that of SUS 304. 
Moreover, the electrical resistivity of SUS 304 is much higher which restricts the 
material to convert the electrical discharge energy into thermal energy, thus reducing 
the melting and evaporation action. It has been found that although the melting point of 
WC-Co is higher, it exhibits higher MRR. In fact, the higher machining time in micro-
EDM of SUS 304 reduces its rate of material removal from the workpiece. Moreover, 
it can be seen from Table 5.2 that the specific heat capacity of the SUS 304 is about 3 
times higher than that of WC-Co. Thus, more thermal energy is required to remove the 
same amount of materials from SUS 304 than WC-Co. Therefore, it requires longer 
machining time to remove same amount of materials using micro-EDM drilling, which 
uses thermal energy for the machining purpose. This longer machining time is the 
main cause of lowering MRR.  
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                                         (a)                                                                                  (b) 
Figure 5.3: Variation of (a) MRR and (b) EWR with discharge energy and aspect ratio 
for both WC-Co and SUS 304 materials 
 
5.3.3 Electrode wear ratio  
Figure 5.3(b) shows the variations of EWR during micro-EDM drilling of WC-Co and 
SUS 304 with different levels of discharge energy and aspect ratio of micro-holes. It 
has been found that, at low discharge energy, the EWR is higher due to very high 
machining time. On the other hand, at very high discharge energy, the electrode wear 
again increases due to the difficulty to remove broader craters from the machined area 
by low pressured side flushing. Therefore, arcing occurs due to establishment of a 
conductive electrical path between the electrodes and increase EWR. In addition to 
discharge energy, the EWR varies with the workpiece materials and aspect ratios. It 
has been observed from Figure 5.3(b) that, at low aspect ratio and low discharge 
energy, the EWR is almost same for micro-EDM drilling in WC-Co and SUS 304. 
However, at higher discharge energy and high aspect ratio, the EWR is higher for 
machining WC-Co materials than SUS 304. The reason for the high electrode wear 
during machining WC-Co is relatively much higher melting point of WC-Co materials. 
It can be observed from Table 5.2 that, the melting point of WC-Co is about twice than 
that of SUS 304. Therefore, to remove same amount of materials from the WC-Co 
workpiece, more electrode materials are consumed. However, as the SUS 304 
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materials become more ductile at high temperature, less amount of electrode materials 
are consumed. Again, it has been reported in several studies that during EDM of Fe 
based materials, deposition of carbon and iron particles on the tool surface may reduce 
the electrode wear [Soni and Chakraverti, 1996; Mohri et al., 1995; Marafona, 2007].  
 
5.3.4 Surface quality  
Figure 5.4 shows the SEM images showing the surface quality at the rim of the micro-
holes obtained in WC-Co composite and SUS 304 at lowest and highest discharge 
energy settings for two different aspect ratios. It has been found that the micro-holes 
obtained in WC-Co have good surface finish at the rim. On the other hand, the rims of 
the micro-holes produced in SUS 304 have resolidified debrises and craters attached at 
the rims. The reason for this comparatively poor surface quality of the micro-holes 
obtained in SUS 304 can be explained by the thermal properties of the materials (Table 
5.2). Due to low thermal conductivity of SUS 304, the heat generated during 
machining are not dissipated rapidly. Thus, the machined surface doesn’t become 
smooth when it cools and there is a tendency at the rim of the micro-holes to be 
distorted. Moreover, the SUS 304 material becomes more ductile at high temperature 
during the micro-EDM. Therefore, the surface finishes deteriorate when it cools again 
after machining. It can be seen from the Figure 5.4(f) and (h) that, at same discharge 
energy the craters generated in SUS 304 surface are larger compared to that of WC-Co. 
In addition, the rims are more heat-affected in SUS 304, which can cause micro-hole 
expansion and reduce the circularity of the micro-holes.  
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                (a) D.E. = 7.04 µJ, WC-Co (a.r.: 5)                   (b) D.E. = 7.04 µJ, SUS 304 (a.r.: 5) 
             
               (c) D.E. = 98 µJ, WC-C0 (a.r.: 5)                    (d) D.E. = 98 µJ, SUS 304 (a.r.: 5) 
             
              (e) D.E. = 11 µJ, WC-C0 (a.r.: 7.5)                    (f) D.E. = 11 µJ, SUS 304 (a.r.: 7.5) 
             
               (g) D.E. = 98 µJ, WC-C0 (a.r.: 7.5)                 (h) D.E. = 98 µJ, SUS 304 (a.r.: 7.5) 
Figure 5.4: Comparison of surface quality at the rim of the micro-holes between WC-
Co and SUS 304 at different settings of discharge energy 
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                (a) D.E. = 7.04 µJ, WC-Co (a.r.: 5)                   (b) D.E. = 7.04 µJ, SUS 304 (a.r.: 5) 
 
    
                (c) D.E. = 11 µJ, WC-C0 (a.r.: 7.5)              (d) D.E. = 11 µJ, SUS 304 (a.r.: 7.5) 
 
Figure 5.5: Entrance side of the micro-holes obtained in WC-Co and SUS 304 at 
lowest setting of discharge energy used in this study for each aspect ratio 
 
Figure 5.5 shows the SEM images of the entrance side of micro-holes obtained in WC-
Co and SUS 304 at lower levels of discharge energy used for each aspect ratio. It has 
been found that, at the same discharge energy, the micro-holes obtained in WC-Co 
suffer lower expansion, have less heat affected and burr-free zone and good surface 
quality at the rim. To obtain information about the properties and composition changes 
of workpiece materials after machining, an EDX analysis of both SUS 304 and WC-Co 
was carried out before and after machining as shown in Figures 5.6 and 5.7 
respectively. It can be observed from the analysis that there is a significant change in 
composition of elements present in the SUS 304 after machining (Fig. 5.6). The 
percentage of ‘Fe’ decreases significantly as ‘C’ increases in the SUS 304 after micro-
EDM. This excess amount of carbon came from the dielectric oil and dislodged from 
the workpiece in the form of debris and remains resolidified around the surface of the 
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micro-holes. Due to high ductility of SUS 304, these carbon materials get merged into 
the rim of the micro-holes at high temperature during micro-EDM. Moreover, some 
percentage of ‘O’ was found in the EDX analysis of SUS 304 after machining due to 






Figure 5.6: EDX spectrum analysis of the machined surface of SUS 304 (a) before 
machining, (b) after micro-EDM using D.E. = 7.04 µJ/pulse, (as shown in Fig. 5.5b) 
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(a) 
   
(b) 
Figure 5.7: EDX spectrum analysis of the machined surface of WC-Co (a) before 
machining, (b) after micro-EDM using D.E. = 7.04 µJ/pulse, (as shown in Fig. 5.5a) 
 
On the other hand, from Figures 5.7(a) and (b) it can be seen that, there is very little 
variation in the composition of elements before and after machining in case of micro-
EDM drilling of WC-Co. There is only 2% increase in the percentage of ‘Co’ 
composition after micro-EDM of WC-Co. The reason is that, in the cemented carbide 
(WC-Co), the ‘Co’ material acts as a binder and during machining its action of binding 
reduces. Cobalt has a high electrical conductivity with, 1320 and 2700 ◦C melting and 
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evaporation points respectively, whereas the resistivity of tungsten carbide with, 
respectively, 2800 and 6000 ◦C melting and evaporation points is very high. Therefore, 
the cobalt is removed earlier from WC-Co during micro-EDM, even before the melting 
of tungsten carbide. As a consequence, cobalt grains will lose their property of binding 
the tungsten carbide’s grains [Mahdavinejad and Mahdavinejad, 2005] and may get 
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                                                            (c)  
Figure 5.8: Variation of (a) circularity, (b) spark gap and (c) taper angle of micro-holes 
with discharge energy and aspect ratio for both WC-Co and SUS 304 materials    
 
5.3.5 Circularity  
Figure 5.8(a) shows the variation of circularities of the micro-holes with discharge 
energies and aspect ratios for both WC-Co and SUS 304. It has been observed that 
there are little variations in circularity of the micro-holes produced in WC-Co 
materials, which also indicate improved surface finish at rim and better accuracy of the 
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micro-holes. The larger values of circularity for the micro-holes obtained in SUS 304 
indicate irregular surface profiles at the rim. Moreover, it has also been found that with 
the increase of aspect ratio, the circularity of the micro-holes increases. This is due to 
the occurrence of secondary sparking more frequently during drilling deep holes.  
 
5.3.6 Spark gap  
Figure 5.8(b) shows the variation of spark gap with discharge energy and aspect ratio 
for both WC-Co and SUS 304 materials. It has been found that, with the increase of 
discharge energy, the spark gap increases for both work materials and aspect ratios. It 
has been observed that, for the aspect ratio 5, the spark gap of SUS 304 is lower at low 
discharge energy and of almost same values as shown by WC-Co. At higher levels of 
discharge energy, the spark gaps of the micro-holes in SUS 304 become comparatively 
higher than those of WC-Co. However, in case of deeper micro-holes (a.r. = 7.5), the 
spark gap was found to be higher in SUS 304 steel for all levels of discharge energy. 
This phenomenon can be explained by the material properties of SUS 304. It can be 
seen from Table 5.2 that, the thermal expansion co-efficient of SUS 304 is about 3 
times higher than that of WC-Co. Therefore, at higher discharge energy the spark gap 
increases due to high expansion of the SUS 304 materials at higher temperature. 
Moreover, due to high ductility of austenitic steel at high thermal energy, the discharge 
column spreads more during micro-EDM drilling of SUS 304, which increases the 
spark gap.  
 
5.3.7 Taper angle  
Figure 5.8(c) shows the variation of taper angle of the micro-holes with discharge 
energy and aspect ratios for both SUS 304 and WC-Co materials. At higher energy, 
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deeper and larger discharge craters are induced in the workpiece surface which piles up 
and results unusual secondary sparking causing the entrance of the micro-holes to be 
larger. However, it was also seen that the taperness of the micro-holes varies with the 
materials and aspect ratios along with the discharge energy. It has been observed that 
for all levels of discharge energy and aspect ratio, the taperness of the micro-holes are 
higher for WC-Co than SUS 304. This may be due to high electrode wear during 
drilling deep-holes in WC-Co. As, the melting point of WC-Co is much higher than 
that of SUS 304, more electrode materials are consumed during machining WC-Co. At 
higher levels of discharge energy and aspect ratio, the WC-Co produces micro-holes 
with comparatively more taper angle than SUS 304. However, it can be observed that, 
upto 32 µJ; the taper angles for both SUS 304 and WC-Co are below 1o, which is a 
good indication of dimensional accuracy.  
 
5.4 Concluding remarks 
In this study, the machinability of two difficult-to-cut materials; WC-Co and SUS 304 
has been investigated and compared with respect to MRR, EWR, machining stability, 
surface quality and accuracy of the machined micro-holes. The conclusions obtained 
from this study can be summarized as follows: 
• During the micro-EDM drilling process, the thermal properties of the work 
materials were found to have significant influence on the quality and accuracy 
of the micro-holes as well as the performance parameters. The thermal and 
electrical properties that were found more influential are thermal/electrical 
conductivity, specific heat capacity, melting point, thermal expansion co-
efficient and behavior of the material at high temperature.  
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• Micro-holes produced on cemented tungsten carbide (WC-Co) were found to 
have less burrs and heat-affected areas with good surface quality at the rim, 
good circularity and dimensional accuracy and lower hole-expansion compared 
to austenitic stainless steel (SUS 304).  
• Micro-EDM process was found to be more stable during the machining of 
deep-holes in WC-Co due to less percentage of ineffective pulses compared to 
SUS 304. In case of MRR, the WC-Co exhibits better machinability in micro-
EDM compared to SUS 304, though it consumes more amount of electrode 
materials due to its high melting point.  
 
Therefore, it can be concluded that, micro-EDM is an appropriate process for the 
fabrication of microstructures with good surface quality and dimensional accuracy in 
tungsten carbide. The electrical conductivity and improved thermo-physical properties 
of WC have made it suitable to be machined by micro-EDM. The following chapter 
will present a detailed investigation on the deep-hole micro-EDM drilling of WC using 
vibration-assisted micro-EDM with focus of obtaining deep and quality micro-holes. 
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Chapter 6 
Vibration-assisted micro-EDM of tungsten carbide 
 
6.1 Introduction  
The machining of deep micro-holes in difficult-to-cut materials, such as tungsten 
carbide, is of prime importance in manufacturing. Presently, micro-EDM has been 
found to be an effective method of drilling micro-holes in conductive materials, 
irrespective of hardness, strength and wear resistance. However, the application of 
micro-EDM in deep-hole drilling is still limited due to the difficulty in flushing of 
debris and unstable machining. Present chapter develops and introduces a low-
frequency workpiece-vibration device for deep-hole micro-EDM drilling to overcome 
the aforementioned problems. An analytical approach is presented on the basic 
mechanism of the workpiece-vibration-assisted micro-EDM. The reasons for 
improving the overall flushing conditions are explained in terms of the behavior of 
debris in a vibrating workpiece, change in gap distance and dielectric fluid pressure in 
the gap during vibration-assisted micro-EDM. In addition, the effects of vibration 
frequency, amplitude and electrical parameters on the machining performance, as well 
as surface quality and accuracy of the micro-holes, have been investigated 
experimentally for the low-frequency vibration-assisted micro-EDM of WC. 
 
6.2 Overview of the developed vibration device 
In order to create a low frequency oscillation on the work-piece a simple vibration 
device has been designed and developed. The schematic of the whole system is shown 
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in the Figure 6.1. An electromagnet is used as the actuator. The electric power is 
supplied periodically to the electromagnet with the help of a power transistor switch. 
The ON-OFF sequence of the power transistor is controlled by a frequency 
controllable pulse generator. When the switch is kept ON the electricity flowing 
through the circuit causes the electromagnet to be energized which triggers a pull 
action on the vibration pad. The flexure beams are bent at that time. The electromagnet 
is de-energized when the transistor switch is turned OFF, which causes the flexure 
beams to release and pushes the vibration pad in upward direction. This is how a low 
frequency oscillation is induced on the work-piece material.  
 
Figure 6.1: Schematic diagram of the developed vibration unit 
 
6.3 Analytical study of micro-EDM with vibrating workpiece 
6.3.1 Mathematical expressions 
Assumptions: 
• Low frequency vibration follows a simple harmonic motion [Tse et al., 1974; 
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• The plate is completely horizontal and the vibration direction is fully 
perpendicular to the plate. 
                            
Figure 6.2: Displacement-time relationship for the workpiece vibration at different 
position of vibrating plate 
 
Figure 6.2 shows the displacement-time relationship of a vibrating plate. Let, the 
workpiece is vibrating at amplitude of ‘a’ with an angular frequency ‘ω’. From the 
figure, at any position of the workpiece between equilibrium and maximum, the 
displacement of vibrating plate can be obtained as:  
)sin( ϕω += tax                                                                                                         (6.1) 
Where, a = vibration amplitude (µm), ω = 2Πf = angular frequency (rad/s), f = 
vibration frequency (Hz), t = time (s) and φ is the phase angle (rad).   
The velocity and acceleration of the plate at that position of can be obtained as: 
)cos( ϕωω += tax&                                                                                                     (6.2) 
)sin(2 ϕωω +−= tax&&                                                                                                 (6.3) 
 
6.3.2 Behavior of a debris particle lying on the vibrating plate 
Assumptions: 
• The debris particles will have the same frequency, velocity and acceleration as 
the vibrating plate.  
• The maximum acceleration of the plate will be experienced at the two extreme 
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If we consider, the maximum acceleration is at B and C positions, then: 
2
max ωax ±=&&  At positions B and C: 1)sin( =+ϕωt  
Therefore, the equation of maximum acceleration can be written as:  
)sin(2 ϕωω +±= tax&&  (6.4) 
Where, the ± sign indicate two opposite directions from the mean position. 
If the maximum acceleration along the gravitational direction is defined by ‘c’ and (ωt 
+φ) is replaced by α, then the equation of maximum acceleration becomes: 
αω sin2ac =  (6.5) 
Therefore, the position and velocity of the debris particle lying on the vibrating plate 






c =  (6.6) 
Putting, (c/g) as Kv and (aω2/g) as K the equation becomes:  
αsinKKv =   (6.7) 
Where, K = (aω2/g) is the centrifugal effect 
For the debris to fly out of the plate, its acceleration must exceed the gravitational 
acceleration, therefore c>g, or c/g >1  
When, Kv = c/g >1, i.e. c>g, the debris will fly out of the vibrating plate at the same 
velocity of the plate at that time.  
Again, the phase angle of (ωt+φ) will vary from 0 (minimum) [at the mean position of 
the plate] to Π/2 (maximum) [at two extreme position of the plate]. The condition for 
lying the debris particle on the plate in terms of phase angle can be determined. 
When Kv = 1, the total phase angle of the debris particle (αd) just before the particle 
leaves the plate is given by:  
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)1(sin 1 Kd
−=α  (6.8) 
Therefore, the debris particle will lie on the vibrating workpiece when 0<(ωt+φ)<αd 
and jumps out of the plate when αd<(ωt+φ). Thus, during the vibration assisted micro-
EDM, the debris will come out of the machined workpiece with the help of workpiece 
vibration, which will be easier to flush using the low-pressured side flushing. Hence, 







Figure 6.3: Schematic diagram showing the mechanism of the workpiece vibration 
assisted micro-EDM drilling used in this study 
 
6.3.3 Gap distance and gap fluid pressure during vibration-assisted micro-EDM 
Assumption: 
• As the vibration frequency is much higher than that of servo response (20 ms or 
50 Hz) of this machine, the change in gap distance and gap fluid pressure can 
take place easily. 
During the workpiece vibration-assisted micro-EDM, an additional positive effect on 
the flushing of debrises can be explained by modeling the gap phenomenon. With the 
vibration of workpiece along the feed direction of electrode, the frontal working gap 
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in the effective gap distance also improves the flushing process during the micro-
EDM. Figure 6.3 represents the schematic diagram showing the workpiece vibration in 
micro-EDM drilling process. The amplitude of the vibration is denoted by ‘a’, 
whereas, ‘z’ represent the gap distance between the workpiece and electrode at the 
mean position of the workpiece (without vibration). 
            
Figure 6.4: Effect of workpiece vibration on the gap distance and fluid pressure inside 
the gap during vibration-assisted micro-EDM 
 
If the maximum amplitude of the workpiece vibration is ‘a’, then the equivalent gap 
distance Δgap will be: 
azgap ±=Δ  (6.9) 
The position of maximum and minimum gap distance can be obtained as, 
azgap +=Δ max    At position C  (6.10) 
azgap −=Δ min    At position B (6.11) 
At position B in the Figure 6.4, during the upward movement of the workpiece, the 
equivalent gap distance decreases. Therefore, there is an increase in the pressure of 
dielectric fluid in the gap. It can be explained by the Figures 6.3 and 6.4 that, during 
the reduction of gap distance fluid pressure increases and the fluid come out from the 
side of the tool electrode, thus causing to flush the debrises inside the deep blind hole. 




x Δgap Δp 
workpiece positions at different vibration phase 
resultant gap distance at different phase 












  t t t 
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movement of the workpiece, as there is an increase in the value of gap distance. At 
point C, the gap distance between the tool electrode and the workpiece become 
maximum.  
                                                                             
                                            (a)                                            (b) 
Figure 6.5: Schematic diagram of the magnified view in the gap showing the flushing 
mechanism at different position of the workpiece; (a) increased fluid pressure inside 
the gap at position B of Figure 6.4, (b) suction pressure experienced inside the gap at 
position C of Figure 6.4. 
 
6.3.4 Modeling for the pressure change in the gap during vibration 
                              
Figure 6.6: Schematic diagram representing the pressures exerted in a fluid micro-cell 
during the reduction of gap distance [Wansheng et al., 2002]. 
 
Figure 6.6 show the schematic diagram of stress applied on a fluid micro-cell when the 
gap distance is reduced. If we consider a micro-fluid cell of cross sectional area ‘ΔA’, 
and height ‘Δz’ and assume that this micro-fluid cell is vibrating at the same vibration, 
frequency and phase of the vibrating plate, then the stress experienced by the micro-
cell in the gap can be expressed by [Wansheng et al., 2002]: 
P 
P + ΔP 
Δz 
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FSPPGSP =Δ+−Δ+ )(.                                                       (6.12) 
Where, S is the cross sectional area, ΔP is the pressure change on the micro-fluid cell, 
ΔG is the force change due to the gravity g, F is the resultant force exerted on the 
micro-fluid cell. 
gmG )(Δ=Δ , zSm Δ=Δ ..ρ , xmF &&)(Δ=  
Thus, putting the values of ΔG, Δm and F, the equation (6.12) becomes: 
xmSPSPgmSP &&)(..)(. Δ=Δ−−Δ+  (6.13) 
Therefore, the change in fluid pressure ΔP can be calculated as: 
)(. xgzP &&−Δ=Δ ρ  (6.14) 
As, it was assumed that, the micro-fluid particle is vibrating at the same vibration of 
the workpiece plate, thus the acceleration of the micro-particle can be obtained from 
equation (6.4): 
)sin(2 ϕωω +±= tax&&  
Therefore, )]sin([. 2 ϕωωρ +±Δ=Δ tagzP  (6.15) 
Applying equation (6.5) 
)sin(sin 22 ϕωωαω +== taac  
)1(..)(.
g
cgzcgzP ±Δ=±Δ=Δ ρρ , Putting, (c/g) as Kv the equation becomes 
)1(.. vKgzP ±Δ=Δ ρ  (6.16) 
Therefore, if KV < 1, the value of ΔP is always positive, thus the pressure doesn’t 
change periodically and no vibration effect on the machining. 
For, Kv > 1, the value of ΔP is either positive or negative depending on the movement 
of the plate from mean position. Thus, if Kv > 1, there is periodical suction and 
increase of pressure in the working gap which improves the overall flushing procedure. 
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6.4 Experimental verification of the analytical findings 
It can be seen from the analytical study that, the performance of the workpiece 
vibration-assisted micro-EDM depends on Kv (the ratio of acceleration ‘c’ to the 
gravitational acceleration ‘g’). From equation (6.7): the expression of Kv: 







Thus, the value of Kv, hence overall performance of vibration-assisted micro-EDM 
depends on: 
• Amplitude of the vibration ‘a’ 
• Angular velocity fπω 2= , thus vibration frequency ‘f’ 
• Phase angle of the vibrating plate ‘(ωt+φ)’ 
 
However, from analytical study it has been shown that, the effect of workpiece 
vibration will be effective only for Kv >1. Therefore, the frequency and amplitude of 
the vibration device was selected such way as the value of Kv is always greater than 1. 
At the two lower settings of vibration device used during experimental study, the value 
of Kv can be calculated as: [considering 1)sin( =+ϕωt  at position B and C] 














Therefore, as Kv >1, the effect of workpiece vibration supposed to be effective, which 
will be investigated experimentally in following sections for the micro-EDM of WC. 
In addition, the effect of vibration frequency and amplitude on the performance of 
vibration-assisted micro-EDM will be investigated. 
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6.5 Machining conditions 
A series of experiments were carried out to investigate the effect of vibration 
frequency and amplitude on the performance of the micro-EDM process as well as 
quality and accuracy of the micro-holes. The machining conditions used in this study 
of low frequency vibration-assisted micro-EDM of WC are listed in Table 6.1. 
 
Table 6.1: Experimental conditions for the vibration-assisted micro-EDM of WC 
 
Workpiece material  WC-10wt%Co, (thickness = 1, 1.5, 2 mm) 
Tool electrode  W: φ 200 µm 
Aspect ratio of micro-holes 5, 7.5, 10 
Dielectric fluid Total EDM 3 oil  
  
Pulse generator type RC 
Voltage (V) 80, 100, 120, 140 
Capacitance (pF) 1000, 2200, 4700, 10000 
Resistance (kΩ)  Fixed to 1kΩ 
  
Vibration frequency (Hz) 0, 500, 650, 675, 700, 750 
Vibration amplitude (µm) 0, 0.8, 1.2, 1.5, 1.8, 2.5 
 
6.6 Effect of vibration on the machining performance 
6.6.1 Machining time 
It has been observed that with the increase of vibration frequency the machining time 
reduces significantly. The effect of vibration frequency on the machining time is more 
pronounced during the machining high-aspect-ratio micro-holes. From Figure 6.7(a), it 
has been found that for micro-EDM drilling of 200 µm holes with aspect ratio (a.r.) 5, 
the machining time reduces significantly from 17 minutes for without vibration to 11 
minutes after using vibration of 500 Hz. After that, with the increase of frequency the 
machining time doesn’t improve much. On the other hand, in case of deep-holes (a.r. 
10), the machining time reduces from 39 minutes (without vibration) to 27 minutes at 
750 Hz and the trend is more striper than those of lower aspect ratios.  This is due to 
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the fact that, during the deep-hole machining, the process becomes unstable owing to 
the accumulation of debris particles inside the holes, which also causes secondary 
sparking and arcing. After using vibration in the workpiece, the overall flushing 
process improves which reduce the machining time significantly. Figure 6.7(b) shows 
the results at different vibration amplitudes of 0 (without vibration), 0.8, 1.2, 1.5, 1.8 
and 2.5 µm at 750 Hz frequency. It has been found that, the machining time doesn’t 
reduce continuously with the increase of vibration amplitude like the effect of 
frequency. For the machining of deep-holes (a.r. 10), the machining time reduces upto 
a amplitude of 1.5 µm, then again tends to increase at higher amplitude. This is due to 
the reason that at higher amplitude the chance of touching of the workpiece with 
electrode increases, which can cause arcing resulting in reduced MRR. It has been also 
found that, the machining process became unstable during machining micro-holes of 
a.r. 10 without vibration resulting in blind holes (not through hole). Moreover, during 
the drilling of micro-holes of a.r. 5 and 7.5, the machining time reduces significantly 
after using vibration but doesn’t change significantly with the increase of amplitude. 
















































a.r. 5 a.r. 7.5 a.r. 10
 
                                        (a)                                                                               (b) 
Figure 6.7: Effect of vibration frequency and amplitude on the machining time 
 
Figure 6.8(a) and (b) show the effect of gap voltage and capacitance on the machining 
time for without and with vibration. It has been found that, there is a significant 
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reduction in the machining time for all settings of gap voltage and capacitance after 
applying vibration. The improvement in the machining time using vibration can be 
more experienced at the lower settings of gap voltage and capacitance and higher 
aspect ratio. At low values of voltage and capacitance, the machining becomes 
unstable due to arcing and short-circuiting more frequently. Therefore, the assistance 
of vibration can greatly reduce this instability thus reducing the machining time 
significantly. It can be seen that the machining time reduces about 30 to 50% when 
vibration is applied in case of machining a.r. 7.5 micro-holes. However, the machining 
time improves very little in case of 10000 pF, 100 V setting for both aspect ratios as 
























a.r. 5, without vibration a.r. 5, with vibration
























a.r. 5, without vibration a.r. 5, with vibration
a.r. 7.5, without vibration a.r. 7.5, with vibration
 
                                   (a)                                                                        (b) 
Figure 6.8: Variation of machining time with gap voltage and capacitance for without 
and with vibration assistance 
 
Another important observation during the vibration assisted micro-EDM is that the 
discharge ratio increases significantly with the application of vibration during the 
machining. This is one of the main reasons for reducing the machining time 
significantly. During the micro-EDM, as the working gap between the tool and 
workpiece is several microns only, the effective discharge probability region is also 
very narrow. Therefore, when the micro-EDM starts during the deep-hole drilling, the 
machining state will enter into short-circuit state immediately due to the spindle inertia 
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[Wansheng et al., 2002]. However, when the vibration is applied in the workpiece 
along the direction of spindle, there is a continuous change in the gap distances which 
increases the probability region for effective discharging. As a result, the effective 
discharge ratio improves significantly, which in turns increases the machining 
efficiency [Wansheng et al, 2002; Tong et al, 2008] and reduces the machining time to 
a great extent. Figure 6.9 shows the comparison of discharge ratio during the micro-
EDM drilling process without and with vibration indicating that the discharge ratio 
increases noticeably with the application of vibration to the micro-EDM. Moreover, 
while applying the vibration assistance, the discharge ratio improves significantly for 
machining at lower discharge energy setting (Figure 6.10). At the same vibration 
frequency and amplitude and gap voltage of 100 V, the discharge ratio is much higher 
for using 2200 pF capacitance than that of 10000 pF. Therefore, vibration assisted 
micro-EDM is more effective for the machining using lower discharge energy.  
  
         (a) without vibration, a.r. 5, 80 V, 2200 pF                    (b) with vibration, 80 V, 2200 pF          
  
      (c) without vibration, a.r. 7.5, 100 V, 10 nF            (d) with vibration, a.r. 7.5, 100 V, 10 nF 
Figure 6.9: Comparison of effective discharge ratio between without vibration and 
with vibration at f = 750 Hz, a = 1.5 µm 
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                                  (a)                                                                                    (b) 
Figure 6.10: Comparison of discharge ratio for vibration assisted micro-EDM drilling 
of micro-holes of a.r. 10 for (a) 100 V, 10000 pF and (b) 100 V, 2200 pF. 
 
6.6.2 Machining stability 
The machining stability was studied by observing and discriminating the discharging 
pulses, and calculating the percentages of various pulses during machining according 
to the pulse discrimination system of RC-generator suggested by Liao et al., [2008]. 
Figure 6.11 shows the various types of pulses in RC-type pulse generator according to 
Liao et al., 2008. In order to maintain stable machining the percentage of normal 
discharge and effective arc discharge should be more. On the other hand, the more the 
percentage of transient short (T. short) and complex pulses, the more unstable will be 
the machining. Figure 6.12 shows the percentages of various pulse types during the 
micro-EDM drilling of micro-holes of different aspect ratios at electrical setting of V = 
100 V and C = 10 nF for without and with the vibration (f = 750 Hz, a = 1.5 µm). It 
can be seen from Figure 6.12(a) that, the percentage of normal discharge pulses 
increases about 40% during using vibration assisted micro-EDM of a.r. 5 micro-holes. 
In addition, the percentage of short pulses reduces which is the main reason for 
improving the machining stability. Almost similar results have been obtained in case of 
machining micro-holes of a.r. 7.5 [Figure 6.12(b)]. The normal pulses increase 
whereas the other types of pulses decrease significantly with the employment of 
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vibration. It has been found that, for all the aspect ratios during the vibration assisted 
machining of micro-holes, the percentage of normal pulses becomes more than 75% 
and short pulses become less than 5%, which is an indication of stable machining. This 
improved machining stability is another reason for reducing the machining time and 
increasing the MRR significantly.  
 
Figure 6.11: Discrimination of discharge waveforms into different type of pulses for 
















































a.r. 7.5, without vibration a.r. 7.5, with vibration
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Figure 6.12: Various pulse types in micro-EDM drilling of WC without and with 
vibration at V = 100 V, C = 10 nF for (a) a.r. 5, (b) a.r. 7.5 and (c) a.r. 10 (only with 
vibration, no results without vibration) 
 
The effect of vibration frequency and amplitude on the percentage of short-circuits 
during the vibration-assisted micro-EDM of WC-Co is presented in Figure 6.13. It has 
been found that, there is significant reduction in the percentage of short circuits from 0 
Hz (without vibration) to 500 Hz. However, there is a little reduction in percentage of 
short-circuits for increasing with the vibration frequency. Similarly, the machining 
stability improves due to the significant reduction in percentage of short-circuits after 
applying vibration of 0.8 µm amplitude and continues to decrease upto 1.8 µm 
amplitude and again increases with the increase of amplitude. High amplitude tends to 












































a.r. 5 a.r. 7.5 a.r. 10
 
                                     (a)                                                                                  (b) 
Figure 6.13: Effect of vibration frequency and amplitude on the percentage of short 
circuit pulses 
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The variation of short-circuit percentages at different settings of gap voltage and 
capacitance are presented in Figure 6.14. It can be seen that, when machining without 
vibration, the percentage of short circuits are higher at lowest settings of gap voltage 
and capacitance. Another important observation is that for the same electrical settings 
the short-circuit percentage is higher during drilling higher aspect ratio micro-holes. 
This effect becomes worst when the machining is carried out without the vibration. On 
the other hand it has been observed that for almost all the settings of gap voltage and 
capacitance the short-circuit percentage is much lower when vibration is applied in 
micro-EDM. However, it has been found that the vibration assistance is more 
necessary when machining proceeds at lower settings of voltage and capacitance, as at 
very high values of voltage and capacitance, the effective arcing pulse and complex 






















a.r 5, without vibration a.r. 5, with vibration





















a.r. 5, without vibration a.r. 5, with vibrat ion
a.r. 7.5, without vibration a.r. 7.5, with vibration
 
                                    (a)                                                                    (b) 
Figure 6.14: Variation of short circuit percentage with gap voltage and capacitance for 
without and with vibration assistance 
 
6.6.3 Material removal rate 
The effect of frequency and amplitude on the MRR during the vibration assisted 
micro-EDM of tungsten carbide has been presented in Figure 6.15(a) and (b). The 
experiments were carried out at V = 100 V, C = 10 nF settings. It has been observed 
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that with the increase of vibration frequency, the MRR increases for all the aspect 
ratios. For the aspect ratios of 5 and 7.5, the highest MRR was obtained at the 
frequency of 700 Hz with a reduced trend starting at 750 Hz. However, for the 
machining of micro-holes of a.r. 10, the highest MRR was obtained at 750 Hz, which 
indicates that, higher value of frequency may provide improved results during the 
micro-EDM drilling of high-aspect-ratio micro-holes. On the other hand, with the 
increase of amplitude, the MRR increases gradually for the low aspect ratio micro-
holes. However, for a.r. 10, it has been obtained that the MRR increase first then again 
tends to decrease with the increase of amplitude. This may be due to the reason that, 
higher vibration amplitude of the workpiece can results in frequent touching with the 
tool electrode. As a result, short-circuiting and arcing increases again if the vibration 
amplitude is increased to a very high value. It has been observed from the Fig. 6.15(b) 
that, for all the aspect ratios the MRR is found to be higher at vibration amplitude of 
1.5 µm than that of 2.5 µm. Moreover, for the same settings of vibration frequency and 







































a.r. 5 a.r. 7.5 a.r. 10
 
                                         (a)                                                                     (b) 
Figure 6.15: Effect of vibration frequency and amplitude on the MRR 
 
Figure 6.16 shows the results of MRR across different gap voltage and capacitance for 
without vibration and with vibration at f = 750 Hz and a = 1.5 µm. It has been found 
that for all the settings of gap voltage and capacitance, the MRR is higher for using the 
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vibration assisted micro-EDM for drilling micro-holes of two different aspect ratios. It 
has been also found that the MRR increases with the increase of gap voltage and 
capacitance for both with and without the assistance of vibration. Moreover, for all the 
settings of gap voltage and capacitance the MRR decreases when the workpiece 


















a.r. 5, without vibration a.r. 5, with vibration


















a.r. 5, without vibration a.r. 5, with vibration
a.r. 7.5, without vibration a.r. 7.5, with vibration
 
(a)                                                                     (b) 
Figure 6.16: Variation of MRR with gap voltage and capacitance for without and with 
vibration assistance 
 
6.6.4 Electrode wear ratio 
During the machining of deep-holes, although the machining process doesn’t proceed 
further, the material is continuously removed from the tool electrode, resulting in 
extensive electrode wear leaving the drilling incomplete. It can be seen from Figure 
6.17(a) that, for the aspect ratios of 5 and 7.5, the EWR tends to decrease gradually 
with the increase of vibration frequency. However, the EWR increases slightly with 
the increase of vibration frequency during the machining of micro-holes of a.r. 10. For 
both aspect ratios the EWR decreases from no vibration (f = 0) to applying vibration. 
However, no successful results have been obtained for the machining of micro-holes of 
aspect ratio 10 using the similar settings. Figure 6.17(b) shows the effect of vibration 
amplitude on the EWR for the machining of micro-holes of three different aspect 
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ratios. It has been found that with the increase of amplitude, the EWR decreases upto 

































a.r. 5 a.r. 7.5 a.r. 10
 
                                    (a)                                                                        (b) 
Figure 6.17: Effect of vibration frequency and amplitude on the EWR 
 
One important observation is that, the reduction of EWR after applying vibration 
assisted micro-EDM is significant during the drilling of higher aspect ratio micro-holes 
with lower voltages. At low voltage setting the working gap between the electrode and 
the workpiece becomes small [Amorim and Weingaertner, 2005], which results in 
difficulties to remove the debris from the machined zone. However, with the assistance 
of vibration the debris can be easily flushed away from the machined zone reducing 
the arcing and hence EWR. It can be seen from Figure 6.18(a) that the EWR has been 
reduced significantly at the gap voltage of 80 V and 100 V after using vibration. On 
the other hand, at the 120 V and 140 V, the reduction in EWR is not very significant 
after the application of vibration for both the aspect ratios. The highest reduction of 
EWR was obtained at 100 V setting for a.r. 7.5 which is about 30%. Figure 6.18(b) 
shows the variation of EWR for different settings of capacitance. It has been found 
that, the EWR was reduced about 20-30% at lower settings of capacitance (1000 pF, 
2200 pF) for machining micro-holes of a.r. 7.5. However, for higher settings of 
capacitance and a.r. 5, the EWR reduces only between 5-15%.   
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a.r. 5, without vibration a.r. 5, with vibration















a.r. 5, without vibration a.r. 5, with vibration
a.r. 7.5, without vibration a.r. 7.5, with vibration
 
                                    (a)                                                                        (b) 
Figure 6.18: Variation of EWR with gap voltage and capacitance for without and with 
vibration assistance 
 
6.7 Effect of vibration on the quality and accuracy of the micro-holes 
6.7.1 Surface quality 
During the micro-EDM drilling of deep-holes without vibration, short-circuiting and 
arcing occurs more frequently, which not only decrease the machining performance 
but also affect the machined surface quality. Figure 6.19 shows the comparison of 
machined surface of the rim inside the micro-holes for machining without and with the 
assistance of vibration at 80 V, 2200 pF. It has been observed that, for deep-hole 
drilling at lower discharge energy, the surface obtained without vibration has 
resolidified debrises and craters attached at the rims. On the other hand, the surface 
obtained using the vibration assistance are smooth and free of burr-like recast layer. In 
addition, there are no black spots on the surface obtained using the vibration assisted 
micro-EDM. Although the machined surface should be better at lower discharge 
energy settings, during deep-hole drilling the machining process was found to be 
unstable at lower discharge energy level due to the occurrence of more ineffective 
pulses which causes the surface defective. The percentages of short pulses become too 
high in the settings of 80 V, 2200 pF without vibration due to the low discharging gap 
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(Figure 6.14). These arcing and short pulses deteriorate the surface in addition to 
reduction in machining performance. However, when vibration is applied at lower 
energy settings, the ineffective pulses decreases and the surface become very smooth 
as the lower energy settings provide smaller craters. 
      
                                  (a)                                                                              (b) 
Figure 6.19: Quality of the inner surface of the micro-holes (a.r. 7.5) obtained at 80 V, 
2200 pF (a) without vibration and (b) with vibration of f = 750 Hz, a = 1.5 µm 
 
Figure 6.20 presents a comparative study of the micro-hole surface quality at the rim 
for micro-EDM drilling of different aspect ratio micro-holes with and without 
vibration at 100 V, 10 nF. It has been observed that, though there is little improvement 
of the surface at the rim using the vibration assistance at higher energy settings, there 
is a significant reduction in the hole-expansion after using vibration. It has been 
observed that for all the three aspect ratios, the micro-holes obtained using vibration 
assisted micro-EDM suffers lower thermal expansion.  
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                         (a) without vibration (a.r. 5)                             (b) with vibration (a.r. 5) 
          
                (c) without vibration (a.r. 7.5)                                 (d) without vibration (a.r. 7.5) 
           
                     (e) without vibration (a.r. 10)                                (f) with vibration (a.r. 10) 
Figure 6.20: Comparison of surface quality at the rim of the micro-holes fabricated at 
100 V, 10 nF settings for without and with vibration (f = 750 Hz, a = 1.5 µm) 
 
Figure 6.21 shows the surface topography showing crater sizes at the inner surface of 
the micro-holes obtained at 100 V, 10 nF for without and with vibration at f = 750 Hz, 
a = 1.5 µm. It has been observed that, the craters are of comparatively broader sizes on 
the surface obtained without vibration. In addition, there is a resolidified crater 
attached on the surface which deteriorates the surface finish. The broader crater sizes 
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are the cause of more micro-hole expansion when machining without vibration. On the 
other hand, the surface obtained using vibration assisted micro-EDM is smoother and 
composed of comparatively small size craters at the same electrical settings. 
       
                                        (a)                                                                           (b) 
Figure 6.21: Comparison of crater sizes and surface topography at the inner surface of 
the micro-hole obtained at 100 V, 10 nF for (a) without vibration and (b) with 
vibration of f = 750 Hz, a = 1.5 µm 
 
6.7.2 Circularity 
The circularity of a micro-hole indicates the roundness of the micro-holes as well as 
irregularities at the rim of the micro-holes. During the micro-EDM drilling of deep-
holes, due to difficulty in flushing and occurrence of secondary discharging, the 
circularity of the micro-holes reduces. Figure 6.22(a) and (b) show the effect of 
vibration frequency and amplitude on the circularity of the micro-holes. It has been 
found that the circularity of the micro-holes improves significantly after using the 
vibration assistance than that of without vibration. However, the circularity values 
decrease very slowly with further increase of vibration frequency and amplitude.  
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                                     (a)                                                                        (b) 
Figure 6.23: Variation of circularity of micro-holes with gap voltage and capacitance 
for without and with vibration assistance 
 
Figure 6.23 shows the variation of circularities with the gap voltage and capacitance 
for without and with vibration at f = 750 Hz, a = 1.5 µm. It has been observed that the 
circularity improves only 5-10% for almost all the settings of voltage and capacitance 
after using the vibration in the machining. Therefore, it can be said that, the overall 
circularity is improved in the micro-holes machined in WC-Co both for without and 
with vibration. This may be due to the fact that the micro-hole produced in WC doesn’t 
get distorted due to high dimensional stability and good electro-thermal properties of 
WC. This dimensional stability for both with and without vibration can be validated 
from the Figure 6.24. It has been observed that, all the holes obtained for two aspect 
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ratios have good circularity for using without and with vibration. However, the SEM 
images showing the entrance side of the micro-holes also prove reduced expansion of 
micro-hole after using vibration assisted micro-EDM. 
           
           (a) 80 V, 2200 pF, a.r. 7.5, no vibration           (b) 80 V, 2200 pF, a.r. 7.5, with vibration 
            
            (c) 100 V, 10 nF, a.r. 10, no vibration            (d) 100 V, 10 nF, a.r. 10, with vibration 
Figure 6.24: SEM images showing the circularity of the micro-holes at different 
settings for without and with vibration at f = 750 Hz, a = 1.5 µm 
  
6.7.3 Spark gap  
During the micro-EDM drilling of small holes, the discharge energy used is very small 
at a discharge gap of several microns. The evacuation of debris becomes difficult from 
this small working gap causing secondary sparking like arcing and short-circuiting 
which makes the spark gap of the micro-holes larger [Wansheng et al., 2002]. 
Therefore, it is necessary to remove these debris particles from the gap by means of 
external source. From Figure 6.25, it has been found that after the introduction of 
vibration (at f = 500 Hz or a = 0.8 µm), there is a significant reduction in the values of 
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spark gap for all values of aspect ratios. It can be seen that with the increase of 
frequency the spark gap decreases, remain steady upto 675 Hz, then again tend to 
increase gradually with the frequency. Similarly there is significant reduction of spark 
gap with amplitude from 0 µm (no vibration) to 0.8 µm. The spark gap was found to be 
lower for the range of 500-675 Hz frequency and 0.8-1.5 µm amplitude. However, 
higher values of frequency and amplitude can increase the spark gap again, as there is 
chance of being contact between the tool and workpiece at higher amplitude which will 



































a.r. 5 a.r. 7.5 a.r. 10
 
                                      (a)                                                                      (b) 
Figure 6.25: Effect of vibration frequency and amplitude on the spark gap  
 
Figure 6.26 shows the variation of spark gap with the gap voltage and capacitance both 
for with and without vibration. It has been found that, the spark gap of the micro-holes 
increases gradually with the increase of gap voltage, although the spark gap didn’t 
change significantly with the increase of capacitance. However, for all the settings, the 
spark gap is reduced after applying the vibration. In addition, it has been observed that 
the spark gap reduces more significantly in machining of higher aspect ratio micro-
holes, when the vibration is assisted with the machining process. 
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                                    (a)                                                                         (b) 
Figure 6.26: Variation of spark gap of micro-holes with gap voltage and capacitance 
for without and with vibration assistance 
 
6.7.4 Taper angle 
Figures 6.27(a) and (b) show the effect of vibration frequency and amplitude on the 
taper angles of the micro-holes. It has been observed that the taper angles decrease 
with the increase of vibration frequency for the machining of micro-holes of a.r. 5 and 
7.5. However, it has been found that, during the machining of micro-holes of a.r. 10, 
the taper angles increases slightly with the increase of vibration frequency. Figure 
6.27(b) shows the variation of taper angles with different amplitudes for machining 
micro-holes of three aspect ratios. It has been found that, for a.r. 5 and 7.5, the taper 
angles decreases gradually upto 1.8 µm, then again tend to increase with the increase 
of vibration amplitude. However, for a.r. 10, the taper angle increases slightly with the 
increase of vibration amplitude. However, no comparison has been showed of taper 
angles for the micro-EDM of a.r. 10 holes with and without vibration, as no successful 
results were obtained without vibration during the machining of micro-holes of a.r. 10. 
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                                      (a)                                                                     (b) 
Figure 6.28: Variation of taper angle of micro-holes with gap voltage and capacitance 
for without and with vibration assistance 
 
Figure 6.28 shows the variation of taper angles with the electrical parameters both for 
the micro-EDM with and without vibration. It has been found that, though the taper 
angles don’t vary too much with the vibration frequency and amplitude, there is a 
significant reduction of taper angles for almost all the settings of gap voltage and 
capacitance after employing the vibration to the machining. The taper angles improve 
upto 40% for the a.r. of 7.5 in 100 V, 2200 pF settings. However, one important 
observation that the average taper angles of the micro-holes without applying the 
vibration is still very low (about 1o), which is further reduced after applying vibration 
(average taper angle of about 0.6-0.8o). This is an indication of good dimensional 
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accuracy of the micro-holes obtained in WC-Co. The reason behind this is the good 
dimensional stability and thermo-electrical properties of the WC-Co, which makes it 
suitable for the fabrication of microstructures using the micro-EDM process. 
 
6.8 Concluding remarks 
The following conclusions can be drawn from the analytical and experimental study 
during the low frequency workpiece vibration-assisted micro-EDM of WC: 
• The workpiece vibration has significant effect on the removal of debris 
particles from the machined zone and the gap phenomena during the vibration-
assisted micro-EDM. The position of debris particles depend on the Kv (ratio of 
maximum acceleration in gravitational direction to the gravitational 
acceleration ‘g’). The debris particle will lie on the vibrating workpiece when 
0<(ωt+φ)<αd and jumps out of the plate when αd<(ωt+φ), where 
)1(sin 1 Kd
−=α and K = (aω2/g) is the centrifugal effect. 
• There is a continuous change in the dielectric fluid pressure in the working gap 
during the workpiece vibration-assisted micro-EDM. Therefore, there is a 
periodical suction and pumping action of dielectric fluid in the gap that helps to 
accelerate the dielectric circulation and debris removal, thus improving the 
overall flushing conditions.  
• There is a significant reduction in the machining time when the low frequency 
workpiece vibration was introduced in micro-EDM drilling. The machining 
efficiency increases remarkably due to the increase of effective discharge ratio 
which can increase the MRR and reduce the machining time. 
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• The machining stability improves due to significant reduction in arcing and 
short-circuiting caused by the debrises in micro-EDM without vibration. 
Moreover, the MRR increases and EWR decreases significantly after the 
application of workpiece vibration in micro-EDM drilling.  
• The surface quality at the rim of the micro-holes is found to be smooth and 
defect-free after applying the vibration-assisted micro-EDM. The circularity, 
spark gap and amount of taper angles were also reduced in vibration-assisted 
micro-EDM due to significant reduction of arcing, short-circuiting, thus 
improving the overall accuracy and quality of the micro-holes. 
• The performance of the vibration-assisted micro-EDM was influenced by the 
vibration frequency, amplitude and electrical parameters. It has been observed 
that, the improvement in the performance after applying vibration is more 
pronounced in lower discharge energy settings.  
• Finally, it has been observed that, very high frequency and amplitude are not 
suitable from the perspective of micro-hole surface quality and accuracy. The 
optimum vibration amplitude and frequency providing improved machining 
performance as well as better surface quality and accuracy of the micro-holes 
are 1.5 µm and 750 Hz for the developed vibration device. 
 
In this chapter, the micro-holes are machined using commercially available W 
electrode of 200 µm and the highest aspect ratio achieved was 10. In the following 
chapter investigations will be carried out to fabricate high-aspect-ratio microelectrodes 
on-machine so that very small and high-aspect-ratio micro-holes in WC can be 
machined without clamping error, as it is very difficult to handle microelectrodes 
lower than diameter of 200 µm. 
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Chapter 7 
On-machine Fabrication of high-aspect-ratio microelectrodes 
and application in micro-EDM of WC 
 
7.1 Introduction  
The concept of fabricating on-machine high-aspect-ratio microelectrodes arise from 
the need of fabricating small and deep micro-holes in micro-EDM. In recent years, 
there is also a need of microelectrodes in die and mould making using milling micro-
EDM. In the micro-EDM process, the electrodes used are in micron level and their 
handling becomes difficult, as there is a chance of bending the electrode during putting 
it into the collets. Moreover, due to high electrode wear in EDM, the changing of 
electrode each time can reduce the accuracy of the micro-features. Therefore, it is 
desirable that microelectrodes should be fabricated on-machine and will be used in 
micro-EDM directly without changing the tool; so that clamping error could be 
minimized as well as machining accuracy can be improved. Therefore, investigations 
have been conducted for fabricating high-aspect-ratio microelectrodes using Turning-
µEDM hybrid process and Block-EDM method in order to machine smaller and high-
aspect-ratio micro-holes in WC.  
 
7.2 Microelectrode fabrication using Turning-µEDM hybrid process 
7.2.1 Process description 
Modification of PCD cutting tool using micro-EDG process 
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Commercially available PCD tools usually have relatively large tool nose designed for 
general-purpose machining. The tool nose resolves the cutting force into two main 
components with one of them engaging in the essential cutting motion (Fy) while the 
other force  causing deflection to the micro-shaft (Fx) [Figure 7.1(a)]. Hence, in order 
to fabricate straight shaft at small diameter, commercial PCD tool nose is modified to 
reduce the nose radius thus minimizing the force component (Fx), that causes the shaft 
deflection during microturning.  
                                    
                                                 (a)                                                                             (b) 
Figure 7.1: (a) Resolution of cutting forces for microturning with a radius tool nose of 
commercial PCD insert, (b) Modified sharp tool nose to reduce FX component 
 
Micro-Electro-discharge grinding (EDG) is carried out by first setting the polarity of 
sacrificial copper tungsten (CuW) shaft to be negative and the PCD cutter to be 
modified as positive. A visual centering and pre-experimental dressing of the 
sacrificial CuW electrode has been done to ensure that any surface irregularity of the 
shaft is eliminated. The EDG of the PCD cutter was conducted using slow feed rate of 
sacrificial electrode towards the cutter nose and using different scanning motion to 
ensure precise sharpening and good surface finish of the nose and to avoid any 
possible formation of circular contours on the PCD cutter’s surface mapped from the 
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the EDG process and dual tool arrangements for microturning. Figures 7.3(a) and (b) 
presents the on-machine photographs of the EDG process and the PCD tool before and 
after modification. The experimental settings for the modification of PCD tool using 
micro-EDG are listed in Table 7.1. 
   
                                    (a)                                                                                (b) 
Figure 7.2: (a) Schematic diagram showing the scanning path of electrode during EDG 
on PCD cutter, (b) dual cutter setup for microturning 
 
                
                             (a)                                                                                   (b)     
Figure 7.3: (a) On-machine photograph during EDG on PCD cutter, (b) PCD cutter 
before and after modification using EDG 
 
Table 7.1: Parameters used for electrical discharge grinding (EDG) of PCD tool nose 
Machining parameters Rough Cut Final Cut 
Gap voltage  120 V 80 V 







Feed rate  20-25 µm/min 10 µm/min 
Spindle speed  1200 rpm 1200 rpm 
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Centering process 
The centering process is the most important step for fabricating accurate and high-
aspect-ratio microelectrodes. Without proper centering, the micro-shaft becomes taper 
and can break at any point of machining, especially when micro-shaft of less than 100 
µm diameter is attempted. Another important thing before centering is the reduction of 
wobbling effect for the initial electrode. With the help of a superimposed cross-hair as 
the datum under the microscope, the degree of run-out can be observed and thus 
reduced. Figure 7.4 presents the schematic diagram and photograph of the approach 
taken in this study to remove the wobbling effect of the shaft. The centering is done for 






                               (a)                                           (b)                                              (c) 
Figure 7.4: (a) Schematic representation of dressing in X and Z-axis to reduce 
wobbling effect, (b) removed wobbling (b) Cross-hair check before centering. 
 
Microturning 
In this study, for the fabrication of high-aspect-ratio micro shafts, three steps were 
used: straight microturning, taper microturning like pencil sharpener cutting and final 
cutting using the modified PCD tool. In the first approach of straight turning, a small 
depth is dressed in order to reduce the wobbling effect of the initial shaft. The amount 
of materials removal using this straight turning was kept low in order to avoid the 
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another necessary step is to carve out a tapered surface called the pencil sharpener to 
provide a strong support to the shaft with smooth gradient. The tapered surface is 
generated by gradual removal material turning along the taper surface by a limited 
depth of cut to protect the cutting edge from chipping. There are two reasons for 
choosing the taper turning process along the taper surface. Firstly, there is chance of 
remaining the cutting marks on the surface in case of stepped taper turning parallel to 
the axis, which can act as the point of stretch concentration. Secondly, from the view 
point of efficient and fast micro fabrication, turning parallel to the taper surface is 
preferable than that of parallel to the workpiece axis [Rahman et al., 2006].  
 
The final fabrication of the micro-shaft is done in a single step up to the tapered tip, 
reducing the diameter to the intended diameter. The purpose of creating the tip prior to 
the final cut is to allow a shallow depth of cut that prevents possible chipping of the 
cutter as well as to reduce the amount of debris that might interfere with the final 
turning process. Figure 7.5 shows the on-machine images obtained during turning 
showing different steps of microturning. Figure 7.6(a) and (b) shows the images of a 
fabricated 45 µm CuW shaft and19.3 µm brass shaft respectively. 
 
      
                            (a)                                                          (b)                                               (c) 
Figure 7.5: On-machine mages of the shaft at different state of micro-turning (a) 
straight turning, (b) taper turning and (c) final shaft 
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                              (a)                                                                                      (b) 
Figure 7.6: (a) CUW microshaft of about 45 µm diameter, (b) brass shaft of 19.3µm 
diameter fabricated by Turning-µEDM hybrid process. 
 
7.2.2 Tool wear analysis  
To analysis the tool wear, three geometrical configurations: positive rake, negative 
rake and straight tool nose are being fabricated to determine the most favorable tool 
nose shape for optimal turning. To reduce the possibility of tool breakage, minimal 
reaction forces are established with experiments being carried out at 6 mm brass shafts 
using a spindle speed of 2000 rpm and feed rate of 5 mm/min. The comparisons are 
based on the smallest possible diameter micro-shafts that are achievable as well as the 
repeatability of the results obtainable by the individual modified tool. The performance 
of the tool shapes are tabulated and shown on table 7.2.  
 
Table 7.2: Results of different tool nose shapes for turning 
Diameter of target shaft / Repeatability of fabrication Tool nose 











No No No No 














Negative rake No No No N.A N.A N.A 
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Figures 7.7(a), (b), (c) and (d) show different geometrical position of PCD cutter and 
their wear after the microturning process. It can be seen from the Figure 7.7(a) that 
there is little wear at the round nose PCD tool after microturning 20 passes. However, 
there is a limitation on the achievable diameter of the micro shaft. It has been found 
difficult to fabricate micro shaft of below 150-100 µm. Positive rake tool shape is 
designed for its very sharp tool nose such that it has a nose radius of less than 5 µm. 
This allows it to act like a point cutter which diminishes the effect of the 
aforementioned force resolution that produces possible radial force components 
causing deflection to the micro-shaft. By nullifying the effects of such non-cutting 
forces, it improves the efficiency of fabricating straight micro-shafts. However it was 
observed from Figure 7.7(b) that during turning, the cutting edge suffers serious 
chipping and breakage which greatly hampers further machining as accuracy and 
precision are now compromised. The phenomenon of a trailing cutting edge in 
negative rake angle causes ineffective cutting that result in inaccurate centering which 
is critical for precision machining. The approach interference experienced by the tool 
caused it to be very susceptible to tool wear and damage as well [Figure 7.7(c)]. In 
addition, it is very difficult to produce this particular tool nose shape using the current 
method of tool nose modification thus concluding its ineptness for microturning. The 
experiment illustrates that modified straight tool nose is capable of achieving 
repeatable results of micro shafts under 50 µm diameter in CuW shaft and below 30 
µm diameter in brass shaft, with minimal tool wear at the cutting edge and tool nose. 
After about 20 turning processes, the tool nose still shows good dimensional integrity 
[Figure 7.7(d)]. It is thus evident that modified straight nose cutting edge proves to be 
superior over the other two nose shapes in terms of the two aspects of interests as 
examined.  
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                          (a) round tool nose                                  (b) tool wear after 20 passes 
                
                    (c) modified positive rake tool nose             (d) tool wear after 10 passes 
                
               (e) modified negative rake tool nose               (f) tool wear after 5 passes 
                
                      (g) modified Straight tool nose                     (h) tool wear after 20 passes 
Figure 7.7: Modification of PCD tool in different geometry and tool wear mode 
 
Moreover, it has been observed that, the tool nose failure depend on the depth of cut, 
feed rate and more importantly on the shaft materials. It has been found that, the tool 
On-machine fabrication of high-aspect-ratio microelectrodes and application  
 
                                                                                            118
wear is more significant during turning CuW shaft, and with the increase of feed rate 
and depth of cut the tool wear increases due to undesirable chipping and breakage of 
the tool’s cutting edge. Hence, investigations were conducted to have a set of optimal 
machining conditions for respective materials of different hardness to avoid 
unnecessary tool damages. It has been observed that the modified tool nose can 
withstand a feed rate up to 100 mm/min for brass work piece without much tool 
damage whereas if the same machining parameters are used on CuW material, the 
cutting edge suffers significant chipping and breakage of tool. Table 7.3 shows the 
optimum feed rate setting for micro-turning of two different materials. 
 
Table 7.3: Optimal Feed rate setting for micro turning with minimized tool wear 
 
Material Feed rate using round nose cutting edge (mm/min) 
Feed rate using modified nose cutting edge 
(mm/min) 
CuW 1 - 40 1 - 5 
Brass 1 - 100 1 - 40 
 
6.2.3 Analysis of plastic deformation 
It was observed that the resultant length of cut during turning might not always 
correspond to that of the targeted length in the experiments carried out. This can make 
a serious impact on the accuracy of aspect ratio at the micron level, 20-50 µm, for the 
micro-shaft. Figures 7.8(a) and (b) show the effect of feed rate and depth of cut on the 
plastic deformation of the micro shaft during the micro turning with brass and CuW 
shafts. It was observed that for slow feed rate below 10 mm/min, the final measured 
length of the brass shaft was longer than the targeted cut length and a significant 
amount of plastic deformation in the form of elongation was prevalent. The reason for 
this deformation can be explained by two possible phenomena. Firstly, there may be a 
cold rolling action when turning operation is carried out using round tool nose in brass 
materials having higher ductility. Secondly during turning, heat is generated at the 
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contact point between the cutting edge and that of the shaft. This heat is dissipated by 
means of conduction away from the contact point to the shaft. This results in 
comparatively higher temperature in the shaft that allows thermal expansion. The 
plastic deformation was most prevalent while turning with a feed rate of 5 mm/min 
when an elongation of 8% in length to that of the targeted cut length. The reason for 
the elongation at low feed rate may be due to the longer machining time that the shaft 
experienced. The long machining time will allow a greater amount of heat to be 
transferred and at the same time a better distribution of heat energy throughout the 
shaft. However, it has been found that, the percentage elongation of CuW is much 
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                                             (a)                                                                               (b) 
Figure 7.8: Effect of (a) feed rate and (b) depth of cut on the plastic deformation of 
brass and CuW microshaft during microturning. 
 
Moreover, an obvious trend of increasing plastic deformation was observed by 
increasing the depth of cut. A possible explanation for the phenomenon of the 
increasing elongation with increasing depth of cut may be due to the amount of 
residual material left after the turning process. With a larger depth of cut, the 
corresponding amount of residual material will be reduced as well. Therefore, large 
diameter shaft has a larger temperature gradient between the shaft’s surface and the 
shaft’s core compared to very small diameter shaft. This gives rise to a higher average 
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temperature in the small diameter shaft during microturning and causes thermal 
expansion of the micro shaft length. During turning process, spindle speed and friction 
between shaft and PCD cutter generate enormous amount of heat. For a brass shaft of 
diameter less than 30 µm, its small volume and long aspect-ratio makes the shaft very 
vulnerable to thermal distortion although dielectric fluid is supplied across the PCD 
cutter as coolant during turning process to cool down the shaft. As seen in Figure 7.9, a 
fabricated brass shaft with distorted tip indicates the effect of thermal distortion during 
turning stage. The reason can be the rapid cooling of thin shaft at high temperature 
induces thermal distortion as well. A reduction in aspect ratio will reduce degree of 
warp and distortion of the shaft. However, when similar experiments were carried on 
CuW shaft, very little plastic deformation was observed. Length elongation was 
minimal that ranges from 1-3% of the original length. This can be attributed to the 
difference in thermal properties between the material brass and CuW. The coefficient 
of expansion for brass is about 3.5 times larger than that for CuW at the same 
temperature, which explains the difference in the degree of elongation. Therefore, it 
has been found that, although lowest diameter microshaft has been found in brass shaft 
(about 20 µm), the CuW can produce more dimensionally stable and straight 
microshaft of about 50 µm. 
        
                                    (a)                                                                            (b) 
Figure 7.9: (a) Brass shaft showing the effect of thermal distortion, (b) surface of the 
shaft showing poor profile which causes plastic deformation 
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7.3 Microelectrode fabrication using Block-µEDM process 
During the micro-EDM, for fabricating small and high-aspect-ratio micro-holes it 
requires several times higher electrode length than the thickness of the workpiece. 
However, it has been found difficult to produce microshaft longer than 1 mm using 
turning-µEDM hybrid process, which will limit the depth of the micro-holes. 
Therefore, investigations have been conducted to achieve micro-electrodes of much 
higher aspect ratio using block-µEDM process, as there is no force in this process. 
 
7.3.1 Process description 
Block-µEDM is a simple process requiring very little arrangement in the setup. Figure 
7.10 shows the schematic diagram of the Block-µEDM process. It needs a precise 
sacrificial rectangular block with high wear resistance (WC was used in this study due 
to its high resistance to wear), and a commercially available electrode. However, one 
important thing is the alignment of block respective to the electrode. It is very 
important that sacrificial block should be aligned properly (within an accuracy of ±2 
µm) in order to avoid electrodes being more taper, thus reducing dimensional 
accuracy. It has been found that due to wear of the sacrificial block also, the diameter 
of the fabricated electrode is sometimes difficult to predict. Therefore, an on-machine 
camera with measuring unit is installed in the setup to measure on-machine. In this 
method, the block is used as a cutting electrode and a cylindrical rod is used as the 
workpiece in the EDM process. The microelectrode that needs to be machined is fed 
against the conductive block. The machining is carried out by applying a controlled 
electric spark and by forcing the dielectric medium to flow through the spark gap 
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between the block and the rod. A small amount of the material is eroded from both the 





           
 
 
                            
                                         (a)                                                             (b) 
Figure 7.10: Schematic diagram representing the Block-µEDM process; (a) at the 
beginning of process; (b) fabricated microelectrode 
 
Although, the process is simple in mechanism, it needs several important 
considerations to produce successful, dimensionally accurate and very high aspect ratio 
microelectrodes. The major problem of Block-µEDM is the taperness of the 
microelectrodes. Therefore, in this study, a new and modified Block-µEDM process 
has been developed using the scanning movement of the electrode in addition to 
downward movement. The introduction of scanning motion of electrode significantly 
reduces the taperness of the microelectrodes. The reason for taperness in stationary 
block is due to the fact that, at the start of machining more surface area are exposed to 
spark zone, which decreases with the block wear. However, if the electrode is moved 
along the block, then the wear of the block is uniformly distributed which reduces the 
taperness of the microelectrodes. Figure 7.11 shows the schematic of Block-µEDM 
process with moving electrode. Figure 7.12(a) shows the fabricated CuW electrode of 













On-machine fabrication of high-aspect-ratio microelectrodes and application  
 
                                                                                            123
µEDM. The improvement in taperness can be observed from Figure 7.12(b) where the 
microelectrode presented has been fabricated using Block-µEDM process with 
electrode movement. Figure 7.13(a) and (b) show the fabricated W electrode using 
stationary and moving block-µEDM process. It has been observed that, moving block-








                        
 
                                              (a)                                                               (b) 
Figure 7.11: Schematic diagram representing the Block-µEDM process with moving 
electrode; (a) at the beginning of process; (b) fabricated microelectrode 
 
             
                                           (a)                                                                        (b) 
Figure 7.12: CuW microelectrode; (a) Ø 50 µm, L 3 mm (a.r. 60) fabricated by 
stationary Block-µEDM process, (b) Ø 40 µm, L 2 mm (a.r. 50) fabricated by Block-
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                                         (a)                                                                        (b) 
Figure 7.13: W microelectrode; (a) Ø 60 µm, L 3 mm (a.r. 50) fabricated by stationary 
Block-µEDM process, (b) Ø 40 µm, L 3 mm (a.r. 75) fabricated by Block-µEDM 
process with moving electrode 
 
7.3.2 Aspects for successful fabrication of microelectrodes in block-µEDM 
Effect of polarity 
During the Block-µEDM process, the selection of polarity is of prime importance. 
During the tool fabrication process, more materials should be removed from the tool 
electrode so that the fabrication process becomes faster. It has been found that, the 
fabrication of tool electrode becomes faster using the positive electrode polarity. On 
the other hand, more materials are removed from the sacrificial block, when tool 
electrode was used as negative polarity. In fact, during the micro-EDM process, more 
materials are removed from the positive polarity [Appendix A]. So, the electrode 
(either tool or workpiece) that need to be machined should be set in positive polarity. 
Figure 7.14 shows material removal from the workpiece and the block wear for using 
two different polarities after machining one passes during the fabrication of micro-
electrode. It has been observed from 7.14(a) and (b) more material is removed from 
microelectrode at using positive polarity of the tool electrode. Similarly, Figure 7.14(c) 
shows the block wear during fabricating microelectrodes for using two polarities. The 
first mark of electrode wear is for using negative tool electrode polarity and the rest are 
for using tool electrode as positive polarity. It has been observed that, more materials 
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have been removed from the sacrificial block using negative tool electrode which 
makes the process slower in addition to making the fabricated microelectrode taper. 
        
                                       (a)                                                                                (b) 
 
(c) 
Figure 7.14: Photograph showing the material removal from tool electrode and block 
wear for two different polarities (in one pass of machining) 
 
Effect of electrode rotational speed 
The effect of electrode rotational speed is shown in Figure 7.15 during the single pass 
machining a single pass of 50µm using 100 V, 2200 pF. It has been found that very 
low electrode rpm can cause longer machining time in addition to less dimensional 
accuracy. This is due to the fact that, with the increase of electrode rotational speed the 
tangential velocities of the electrode increases which promote the disturbance of the 
dielectric [Yan et al., 1999]. The increased flow speed of the dielectric helps to depart 
the debrises from the machined zone, thus facilitating further material removal from 
the workpiece. The material removed from tool electrode also increases with the 
rotational speed as the material is removed uniformly from the microelectrode and 
reduces taperness. However, it has been found that very high electrode rpm is not 
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block: positive   
Less material removal at 
tool: negative polarity 
More material removal at 
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favorable, as at high rpm less material is removed from the microelectrodes. On the 
other hand, the block wear also decreases with the increase of electrode rotational 
speed for W microelectrode. The reason behind this can also be explained by the effect 
of tangential velocity of the electrode. As the tangential velocity is low at lower speed, 
the debrises can not be removed from the machined zone easily. Thus, continuous 
sparking occurs at these debrises which causes arcing. However, during fabricating 
CuW electrode, the block wear tends to increase gradually with the increase of 
electrode rpm. Considering all the effects it can be concluded that very high electrode 
rotational speed is not favorable for fabricating microelectrodes. An electrode speed of 
1000-1500 rpm is found to be optimum for fabricating microelectrodes with less 








































































Figure 7.15: Effect of spindle speed on (a) machining time, (b) material removal from 
electrode and (c) block wear for machining a single pass with 50 µm depth of cut. 
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Effect of discharge energy 
The effect of discharge energy has been studied for machining a single pass of 50 µm 
during the fabrication of microelectrodes using positive electrode polarity and 1500 
rpm. It has been found that although higher discharge energy can make the process 
faster, it can affect the dimensional accuracy of the microelectrodes adversely. Even 
very high discharge energy is found to break or destroy the thin microelectrodes. 
Figures 7.16 and 7.17 show the effect of gap voltage and capacitance on the machining 
time, material removal from tool electrode and block wear during the fabrication of 
CuW and W microelectrodes. It has been found that for a fixed feed length, the 
machining time reduces with the increase of gap voltage and capacitance. However, 
the block wear also increases significantly with the increase of voltage, which can 
reduce accuracy of the microelectrodes and make the electrodes much taper. The 
reason for high block wear and less accuracy of microelectrodes is the increase in 
spark gap which is due to the fact that the discharge column formed at high discharge 
energy lasts longer than that of at low discharge energy. It has been found from 
Figures 7.16 and 7.17 that the machining time is lower for fabricating CuW electrode 
than W electrode. However, high block wear during fabricating CuW electrode 
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Figure 7.16: Effect of gap voltage on (a) machining time, (b) material removal from 














































































Figure 7.17: Effect of capacitance on (a) machining time, (b) material removal from 
electrode and (c) block wear for machining a single pass with 50 µm depth of cut. 
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Effect of depth of feed and number of machining steps 
The depth of feed and number of machining passes are two very important parameters 
to consider from the view point of taperness and accuracy of microelectrodes. It has 
been found that the breakage of the microelectrodes, especially at the finishing steps 
greatly depend on the depth of feed and machining steps. Figure 7.18 shows the effect 
of depth of electrode feed length on the machining time and block wear. It is clearly 
understandable that, the machining time will be higher for removing materials using 
higher feed, as more materials have to be removed. However, the overall machining 
time for fabricating a microelectrode reduces. One important observation is that, higher 
feed length can be applied for the rough machining at the first few steps of fabrication. 
However, for the final steps of fabrication, in other words for the successful fabrication 
of diameters below 70 µm, the feed length should be kept lower at the finishing steps. 
Moreover, if higher feed length is used during the final stages of fabrication, the 
electrodes become more taper. It has also been found that the increased number of 
machining passes by reducing the feed length of a single pass can improve the 
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Figure 7.18: Effect of feed length on (a) machining time, (b) material removal from 
electrode and (c) block wear for machining a single pass. 
 
Surface quality of the fabricated microelectrodes 
Figures 7.19 and 7.20 show the comparison of surfaces and crater sizes of CuW and W 
microelectrodes respectively. It has been found that the both for CuW and W materials, 
the microelectrodes surface is smooth and free or any kind of surface defects. 
However, there is difference in the arrangement of craters on the surfaces for W and 
CuW electrode. This may be due to the difference in thermal and electrical properties 
and structure of the two materials. It has been found that, CuW microelectrodes suffer 
more taperness during the fabrication, whereas less taperness has been observed in W 
microelectrodes both for stationary and moving block-µEDM. Although much higher 
machining time is required for fabricating W microelectrodes, the microelectrodes 
provide better dimensional accuracy, higher aspect-ratio, less taperness due to the 
excellent thermo-physical properties of W materials. 
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                                    (a)                                                                            (b) 
Figure 7.19: Surface of the fabricated microelectrode; (a) CuW, (b) W 
 
            
                                   (a)                                                                                  (b) 
Figure 7.20: SEM micrographs of the surface topography showing craters of the 
fabricated microelectrode; (a) CuW, (b) W 
 
7.4 Application of high-aspect-ratio microelectrodes in micro-EDM 
Investigations have been carried out for on-machine drilling of deep micro-holes with 
the fabricated high-aspect-ratio microelectrodes using both without and with the 
vibration-assisted micro-EDM. It has been observed that, it is quite difficult to 
fabricate high aspect ratio micro-holes in WC due to its higher melting point and 
comparatively lower thermal conductivity which results in extensive tool wear. 
Experiments have been conducted with different thickness of WC workpiece, to 
achieve the highest aspect ratio micro-holes without and with vibration. 
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It has been found that, the brass microelectrodes obtained using Turning-µEDM hybrid 
process with lowest diameter (20 µm) but limited length (1 mm) was only successful in 
fabricating micro-holes in WC of 0.1-0.2 mm thickness. It has been found that, the 
wear of the brass microelectrodes are very high during machining WC. This may be 
due to the reason that, the melting point of brass is much lower compared to that of 
WC. Therefore, to remove same unit of material from WC, more materials are 
removed from the brass. It has been found that, electrodes obtained using turning-
µEDM process is of limited height thus are not capable of fabricating deeper micro-
holes in WC. Figure 7.21 shows the SEM images of the top surface of micro-holes 
fabricated in WC strip using the 1 mm long CuW and brass microelectrodes fabricated 
by turning-µEDM hybrid process.  
             
                                      (a)                                                                                (b) 
Figure 7.21: SEM images of micro-holes using microelectrodes fabricated by turning-
µEDM hybrid process; (a) 60 µm hole in 0.3 mm WC strip using CuW 
microelectrodes, (b) 35 µm hole in 0.1 mm WC strip 
 
There may be several important things to consider for successful fabrication of deep 
and high-aspect-ratio micro-holes. It has been observed that, the electrode should be 
fed more then three or four times the desired depth of the micro-holes to obtain 
successful and through hole due to extensive tool electrode wear. Moreover, for 
fabricating deep micro-holes in WC, very high energy settings may not provide 
successful results. In most of the cases the electrode wears extremely at higher values 
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of voltage or capacitance and results in unsuccessful (not through) micro-hole. This 
may be due to the reason that, the spark gap increases with the increase of gap voltage. 
Therefore, higher spark length can strike the surface of the micro-electrodes and cause 
extensive reduction in length. Sometimes the microelectrode breaks at the beginning of 
machining at higher voltage due to spark initiation. Moreover, at higher capacitance, 
more energy is stored during the capacitor charging and causes discharge of more 
energy in a single spark, which can break the tip of the microelectrode or cause 
extensive wear. Actually, at higher energy the discharge column generated during 
micro-EDM are of large diameter and also lasts longer which is not favorable for both 
fabricating the microelectrodes and micro-holes. In this study, it was found unsuitable 
to fabricate micro-holes of 50 µm in 0.5 mm thick WC using gap voltage or more than 
100 and capacitance more than 470 pF. In most of the cases, either the micro-holes are 
not through or suffer much expansion. However, better quality micro-holes in 0.5 mm 
WC has been achieved using 100 V, 100 pF capacitance without using the workpiece 
vibration. The machining time for fabricating a micro-hole of 50 µm in 0.5 mm thick 
WC is about 50 minutes for without vibration. Successful micro-holes were also 
obtained using 47 pF using same voltage in about 1 hr. 
 
Finally, to fabricate higher aspect ratio micro-holes in WC, vibration-assisted micro-
EDM with low frequency workpiece vibration is introduced. The frequency and 
amplitude of the vibration is set at the optimum value obtained from previous chapter 
(f = 750 Hz, a = 1.5 µm). It was found difficult to obtain micro-holes in WC of 
thickness more than 0.5 mm without vibration. However, thorough micro-holes in WC 
of thickness more than 0.5 mm can be fabricated successfully with good surface 
quality using vibration-assisted micro-EDM. It has been observed that, there is also 
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significant reduction in machining time in addition to improvement in surface quality 
at the rim. Micro-holes of high aspect ratio (upto 16.7) have been obtained successfully 
using vibration assisted micro-EDM. Figure 7.22 shows the entrance side of the micro-
holes obtained in 0.5 mm thick WC workpiece without vibration. It has been found 
that, during deep-hole micro-EDM drilling of small and high-aspect-ratio micro-holes 
without vibration, there may be some defects at the rim of the micro-holes. However, 
comparatively higher aspect ratio micro-holes in 1 mm WC with smooth and defect-
free rim have been obtained using vibration-assisted micro-EDM (Figure 7.23). 
         
                                    (a)                                                                             (b) 
Figure 7.22: SEM images of on-machine fabricated micro-hole without vibration in 0.5 
mm thick WC workpiece; (a) Ø: 70 µm, a.r. 7.14; (b) Ø 60 µm, a.r. 8.33 
 
          
                                     (a)                                                                            (b) 
Figure 7.23: SEM images of on-machine fabricated micro-hole using vibration-assisted 
micro-EDM (f: 750 Hz, a: 1.5 µm) in 1 mm thick WC workpiece; (a) Ø: 70 µm, a.r: 
14.3, (b) Ø 60 µm, a.r: 16.7 
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7.5 Concluding remarks 
• For fabricating smaller and high-aspect-ratio micro-holes, it requires several 
times higher electrode length than the thickness of the workpiece. However, it 
has been found difficult to produce microshaft longer than 1 mm using turning-
µEDM hybrid process, which will limit the depth of the micro-holes. 
Therefore, for fabricating smaller micro-holes with low aspect ratios, turning-
µEDM performs better, as this study shows that micro-electrodes of diameter 
down to 20 µm can be machined by this method. 
• However, for fabricating deep micro-holes, micro-electrodes can be fabricated 
using block-µEDM process. As there is no force in this process, micro-
electrodes can be fabricated more than 3 mm length with below 40 µm 
diameters.  
• A newer process, Block- µEDM with scanning movement of the electrode can 
reduce the taperness significantly, thus reducing the shortcoming of stationary 
Block-µEDM process and improving the dimensional accuracy of the 
fabricated microelectrodes. 
• Several factors should be considered in Block- µEDM process for successful 
and dimensionally accurate high-aspect-ratio microelectrodes. Positive 
electrode polarity should be used during micro-EDM with moderately high 
electrode rotational speed. In addition, the machining can be divided into 
roughing and finishing by selecting the depth of a single pass, number of 
machining passes and the discharge energy very carefully. 
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Chapter 8 
Fine-finish Sinking and Milling micro-EDM of WC 
 
8.1 Introduction  
In die and mold industries, for improving the surface quality of WC, diamond grinding 
and polishing are used after EDM [Koshy et al., 1997].  Many manufacturers 
worldwide are still using hand lapping to finish the EDMed surface in order to achieve 
a high level of surface finish [Ramasawmy and Blunt, 2002]. However, this process of 
hand lapping or polishing is difficult to apply in micro-components, micro-moulds and 
micro-dies, as there is a chance of destroying the structures. Hence, it is desirable to 
obtain best possible surface finish directly by micro-EDM, so that subsequent 
polishing or post-EDM process can be avoided. Therefore, a detailed experimental 
investigation has been carried out on the finishing micro-EDM of WC using RC-type 
pulse generator as it can produce very small amount of discharge energy.  
 
8.2 Sinking and Milling micro-EDM 
In die-sinking micro-EDM an electrode with desired micro-features are employed on 
the workpiece to produce corresponding mirror images. The tool electrode has the 
complementary form of the finished workpiece and literally sinks into the workpiece 
[Figure 8.1(a)]. In contrast to die-sinking micro-EDM, milling micro-EDM eliminates 
the need for complex-shape micro-electrodes. In this process, usually tubular or 
cylindrical micro-electrodes are employed to produce the desired complex shape by 
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scanning. In milling micro-EDM, a cylindrical electrode rotates around Z-axis with the 







                           (a)                                                                         (b) 
Figure 8.1: Schematic representations of (a) sinking and (b) milling EDM  
 
8.3 Algorithm of milling micro-EDM: a newer process 
In milling micro-EDM, the position of the electrode in the vertical direction is 
compensated as there is wear due to the discharging at the bottom of the electrode and 
hence depth of cut can vary for this wear. The resulting depth of a layer to be eroded is 
governed by the depth of the electrode embedded in the workpiece. As the tool moves 
horizontally from position 1 to position 2 indicated in Figure 8.2, discharge occurs in 
the gap and the material is removed. When an electrode is worn and becomes short, 
such as the wear length between Z1 and Z2 shown in position 1 of the Figure 8.2, the 
discharge gap enlarges and the depth of removal declines. The electrode is then moved 
from Z2 to Z1 as shown in position 2, to maintain the depth of removal at a layer. Thus, 
the depth of the eroded surface was maintained as the gap was always maintained. On 
the other hand, the motion on a horizontal layer is controlled using a two-axis servo 
controlled system, which can be implemented as a traditional CNC system, although 








Fine-finish sinking and milling micro-EDM of tungsten carbide 
 
                                                                                            138
 
                                       (a) Position 1                                        (b) Position 2 
Figure 8.2: Wear compensation of milling micro-EDM during scanning a layer  
 
8.4 Machining conditions 
In this study, die sinking and milling micro-EDM at a depth of 5 µm was conducted 
using 500 µm tungsten electrodes on the surface of WC under different machining 
conditions. The machining conditions are listed in Table 8.1.  
 
Table 8.1: Experimental conditions for the fine-finish micro-EDM of WC 
Workpiece material  WC-10wt%Co 
Tool electrode  W, φ 0.5 mm 
Dielectric fluid Total EDM 3 oil  
Pulse generator type RC 
Discharge energy per pulse (µJ) 0.0126 (min) to 0.4606 (max) 
Voltage (V) 60, 80, 100, 120, 140 
Capacitance (pF) 47, 10, stray (7pF)  
Resistance (kΩ)  Fixed to 1kΩ 
 
8.5 Surface characteristics in sinking and milling micro-EDM  
8.5.1 Surface topography  
For fine surface finish both the crater size and the uniformity of the crater are 
important. The surface topography and the roughness parameters are directly related to 
these two factors. Therefore, for smoother surface the crater size should be smaller as 
well as uniformly distributed. For, smaller crater size, low discharge energy with 
shorter pulse duration is the prime choice. Figure 8.3 shows the topography of the 
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machined surface by die-sinking and milling micro-EDM. It can be observed that in 
the milling micro-EDM the craters are more uniformly distributed. This is attributed to 
the reason that the heights of the crater boundaries are reduced by the scanning motion 
in milling micro-EDM. Thus the surface becomes glossier in milling micro-EDM 
compared to that obtained in sinking micro-EDM. If the craters are not uniformly 
distributed then light is scattered instead of reflecting uniformly which results in a 
matte surface. It has been found that shallow overlapping of craters with smooth rims 
can sometimes represent the surface as glossy [Wong et al., 1998]. 
            
              (a) 47 pF, 100 V, die-sinking                               (b) 47 pF, 100 V, milling 
            
             (c) stray C, 100 V, die-sinking                             (d) stray C, 100 V, milling 
Figure 8.3: Micro-EDMed surfaces showing crater distributions between die-sinking 
and milling micro-EDM of WC 
 
Moreover, it was observed that at very low voltage the crater size reduces but the 
uniformity of crater distribution also reduces. The reason of the lack of uniformity at 
lower energy is the non-uniform discharge energy provided by the RC-generator. In 
RC-type the capacitor stores the electrical energy and discharges during the EDM. 
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When the machining starts as soon as the dielectric breaks down, it discharges the 
charge stored in the capacitor. Therefore if the dielectric breakdown occurs before the 
capacitor is charged fully, it will not discharge the maximum energy rather there will 
be variation in the discharge energy [Han et al., 2004]. This may be the reason to 
facilitate 47 pF, 100 V setting gives more uniform distribution of craters than the 
setting of 60 V, stray C (shown in Figure 8.4). However, at very high voltage the 
uniformity of crater destroys again due to the higher discharge energy.  
             
                    (a) 47 pF, 100 V                                               (b) stray C (7 pF), 60 V 
Figure 8.4: Surface at 47 pF, 100 V show more uniform crater distributions in milling 
micro-EDM 
 
Again, the open gap voltage has an intrinsic relationship with the magnitude of the 
working gap, i.e., the distance between the workpiece and electrode during the spark. 
Therefore, in the die-sinking micro-EDM at very low voltage, though the energy per 
pulse is low, due to smaller working gap there is a possibility of occurring short-
circuits and arcing which reduce the uniformity of craters. Moreover, proper flushing 
sometimes may not be possible if the gap between the workpiece and the electrode 
becomes very small. Therefore, there is always a possibility of remaining some traces 
of debris resolidified on the machined layer along with surface defects such as cracks, 
voids etc. Hence, very fine roughness and shiny surfaces are hard to obtain directly by 
die-sinking micro-EDM. This problem can be solved to a great extent by introducing 
milling micro-EDM where the electrode scans along with moving towards downward 
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direction. The performance of milling micro-EDM for the finishing operation is 
attributed to the inherent good flushing condition such as small and less contact area, 
effective side flushing and rotation of the electrode. Moreover, sometimes it becomes 
difficult to make a finishing process in the cavities obtained by die-sinking without 
destroying the structure. Hence, scanning micro-EDM or micro-EDM milling can be 
effectively applied in the finish operation of these cavities. It has been found that the 
surface generated by milling micro-EDM are less susceptible to defects, deposition of 
debris on the surface and traces of black spots even at very low discharge energy 
[shown in Figures 8.5(b) and (d)]. On the contrary, some form of cracks and voids are 
found in die-sinking as shown in Figures 8.5(a) and (c). Thus, milling micro-EDM 
provides relatively more uniform, clean and shiny surface free of any defects.  
          
                   (a) 80V, 10pF, die-sinking                                 (b) 80 V, 10 pF, milling 
          
                  (c) 60 V, stray C, die-sinking                               (d) 60 V, stray C, milling 
Figure 8.5: Surface topography at lower discharge energy in sinking micro-EDM 
showing some defects 
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Figure 8.6: EDX analysis of surface machined at 60 V using stray capacitance for (a) 
die-sinking and (b) milling micro-EDM. 
 
Figures 8.6(a) and (b) represent the EDX analysis of the machined surface by die-
sinking and milling micro-EDM as indicated in 8.5(c) and (d). The EDX analysis of 
the machined surface by milling micro-EDM indicates lower percentage of carbon in 
case of 60 V, stray C setting (the stray capacitance of this machine measured was 
about 7 pF). It was found that in die-sinking at 60 V, stray C the carbon percentage 
was about 30.64% which is only 18.71% in milling. This excess amount of carbon 
comes from the dielectric oil and dislodges from the WC in the form of debris and 
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burrs that remain resolidified on the surface due to inadequate flushing at lower energy 
in die-sinking micro-EDM. On the other hand, the percentage of parent materials; i.e. 
tungsten (57.35%) are reduced in die-sinking compared to that of milling micro-EDM 
(W: 73.21%). This may deteriorate the important properties of WC such as reduce 
strength and hardness due to lower tungsten. 
 
8.5.2 Average surface roughness (Ra) 
Figures 8.7(a) and (b) compares average surface roughness between die-sinking and 
milling micro-EDM. It can be observed from the figure that the roughness values are 
highly influence by the gap voltage and capacitance in RC-type pulse generator. With 
the reduction of gap voltage the surface roughness decreases due to the decreased 
discharge energy. So for Fine finishing, low values of voltage and capacitance are 
required. If the discharge energy is lower it will result in smaller craters and eventually 
better surface finish. 








































                               (a)                                                                                     (b) 
Figure 8.7: Variation of Ra with gap voltage and capacitance for (a) sinking and (b) 
milling micro-EDM 
 
It was found that the average roughness has been lowered using the scanning micro-
EDM. This effect is more noticeable at lower discharge energy. For example, at stray 
capacitance or 10 pF for all settings of gap voltage the Ra value was lowered to about 
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10 nm using scanning µEDM. This is due to the reason that at lower energy the gap 
voltage becomes too small to remove all the craters and debris from the machined zone 
without the movement of the tool itself. Moreover, it has also been found that the 
surface roughness does not vary so much with the gap voltage, though it varies 
significantly with capacitance. Thus the effect of gap voltage is minimized in case of 
scanning micro-EDM using the tool scanning method. The reasons for decreasing the 
Ra with the capacitance is due to the fact that with the reduction of capacitance value 
the pulse duration decreases as well as the frequency of charging discharging 
increases, therefore nano pulse is generated which results in better surface finish. 
  
                     (a) 60 V, stray C, die-sinking                                          (b) 60 V, stray C, milling 
  
                    (c) 100 V, stray C, die-sinking                                     (d) 100 V, stray C, milling 
Figure 8.8: 3D surface textures of the machined area showing crater heights 
 
8.5.3 Peak-to-valley distance of the crates, Rmax  
To obtain fine and shiny surface the crater size should be small and uniformly 
distributed as well as depth of craters should be also low. In the EDM process if the 
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melted materials overflows crater border forming deep crater with a high border height 
then the overlapped craters may reflect light in multiple directions. This is the reason 
for typical dull appearance in conventional EDMed surfaces which is sometimes 
reduced by manual polishing [Pekas and Henriques, 2003]. Thus, Rmax is important to 
consider in the finishing micro-EDM. It has been found though the average surface 
roughness is lower the Rmax may not be necessarily lower for lower Ra. In order to 
measure the Rmax using AFM analysis, a horizontal line is drawn across the scanned 
area. Then from the scan profile of the craters the distance between the maximum peak 
and minimum valley has been measured. Figure 8.8 represents the 3D surface texture 
of the die-sinking and scanning micro-EDMed surface for 2 different settings of gap 
voltage using stray capacitance. It can be seen from Figure 8.7 that both for die-sinking 
and scanning micro-EDM, the scale showing maximum crater heights are lower in case 
of 100 V compared to that of 60 V. At 100 V the maximum range of scale for 
measuring crater height is about 400 nm for both die-sinking and milling [Figures 
8.8(c) and (d)], whereas for 60 V it is about 600 nm [Figures 8.8(a) and (b)]. This is 
attributed to the reason why the Rmax is lower in 100 V as indicated in Figure 8.9, 
although it can be seen from Figure 8.6 that Ra values increases with the increase of 
gap voltage. This is due to the fact that sometimes due to lower spark gap in micro-
EDM with smaller discharge energy yields some molten material depositing, 
overlapping thus increasing crater height. This effect is more detrimental in case of 
die-sinking micro-EDM. Figures 8.9(a) and (b) show a comparative study of the Rmax 
for die-sinking and milling micro-EDMed surface for different level of discharge 
energy. It has been found that the Rmax values are comparatively lower in case of 
milling micro-EDM which is a better sign of clear and shiny surface. 
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                                      (a)                                                                           (b) 
Figure 8.9: Variation of Rmax with voltage and capacitance for (a) sinking and (b) 
milling micro-EDM 
 
8.6 Performance comparison of sinking and milling micro-EDM: 
Effect of electrode scanning speed 
It has been found that, the milling micro-EDM can provide smoother and shinier 
surfaces with better surface characteristics compared to those generated in die-sinking 
micro-EDM. However, the MRR is very slow when fine-finish micro-EDM was 
conducted using low discharge energy. As the crater sizes and roughness is directly 
related to discharge energy, there should be other means of improving the performance 
of milling micro-EDM without increasing the D.E. The following section will discuss 
the effect of electrode scanning speed on the performance of milling micro-EDM. The 
machining region is divided into semi-finishing [0.3348(max) to 0.0504(min)] and 
finishing regime [0.05 (max) to 0.0126(min)] based on the discharge energy level.  
 
8.6.1 Material removal rate 
Figures 8.10(a) and (b) present a comparative study of MRR obtained in die-sinking 
and milling micro-EDM of WC for the semi-finishing and finishing regime. It has been 
found from Figure 8.10(b) that at finishing regime for all three settings of electrode 
scanning speed, the MRR is higher in milling micro-EDM. In die-sinking at finishing 
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stage, due to low gap voltage the working gap between the electrodes becomes low. 
Moreover, the electrode remains stationary with bigger surface area facing the 
workpiece. Therefore, proper flushing can not be conducted into the working gap, 
which in turn reduces material removal from workpiece. On the other hand, in milling 
micro-EDM due to continuous rotational and scanning movement of the electrode, the 
flushing becomes more effective. Due to continuous flushing, the electrode comes in 
contact with newer materials and increases the MRR. However, it can be seen from 
Figure 8.10(a) that, at the semi-finish regime the MRR is higher in die-sinking 
compared to that of milling micro-EDM at low scanning speed (F = 60 mm/min). 
Therefore, the die-sinking micro-EDM has been found to be suitable for semi-finishing 
regime. However, it has been found that, in milling micro-EDM the MRR can further 
be increased than die-sinking using the higher electrode scanning speed. For electrode 
scanning speed of 75 and 90 mm/min, the MRR in milling micro-EDM was higher 
than that of die-sinking. As a result, the suitability of selecting sinking or milling 
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                                               (a)                                                                                  (b) 
Figure 8.10: Comparison of MRR between sinking and milling micro-EDM of WC at 
(a) semi-finishing, (b) finishing regime 
 
8.6.2 Electrode wear ratio 
Figures 8.11(a) and (b) show a comparative study of the EWR between die-sinking and 
milling micro-EDM. It has been found that, the EWR in the die-sinking micro-EDM 
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are comparatively higher than that of milling micro-EDM at lower scanning speed. 
This is due to the reason that, at die-sinking micro-EDM, due to arcing and 
unfavorable machining conditions, more material is removed from the electrode. 
Moreover, due to inefficient flushing, the materials removed from the workpiece can 
not be flushed away from the machined zone, causing more sparking on the same 
materials. During this sparking, the electrode materials are melted although there is no 
further material removal from the workpiece. Moreover, sometimes the machining 
becomes unstable with low MRR and bad surface quality due to high energy densities 
in die-sinking micro-EDM [Lauwers et al., 2007], which in turn increases the EWR. 
However, in milling micro-EDM with higher electrode scanning speed, the EWR tends 
to increase, though; electrode wear is no longer a major concern in milling EDM, as it 
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milling (F = 90 mm/min)
 
                                            (a)                                                                                 (b) 
Figure 8.11: Comparison of EWR between sinking and milling micro-EDM of WC at 
(a) semi-finishing, (b) finishing regime 
 
8.6.3 Surface roughness 
Figures 8.12(a) and (b) represent a comparative study of the average surface roughness 
achieved on the machined surface in die-sinking and milling micro-EDM at semi-
finishing and finishing regime. It was found from the figure that for both semi-
finishing and finishing regime, the milling micro-EDM provides the lower surface 
roughness than the die-sinking. However, it can be seen from Figure 8.12 that, very 
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high electrode scanning speed (90 mm/min) in milling micro-EDM provide surfaces 
with almost similar roughness achieved in die-sinking. The good performance of 
milling micro-EDM in finishing and also semi-finishing regime is attributed to the 
inherent good flushing condition, small and less contact area, effective side flushing 
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                                        (a)                                                                                     (b) 
Figure 8.12: Comparison of Ra between sinking and milling micro-EDM of WC at (a) 
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                                        (a)                                                                                     (b) 
Figure 8.13: Comparison of Rmax between sinking and milling micro-EDM of WC at 
(a) semi-finishing, (b) finishing regime 
 
The Rmax values in milling micro-EDM have been reduced due to the scanning 
movement of the electrode. As in the milling micro-EDM the electrode scans along a 
direction instead of remaining fixed, there is little chance of depositing the debrises on 
the machined zone. Moreover, the borders of crater heights are reduced during the 
scanning motion of the electrode. Thus, there is significant improvement in the values 
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of Rmax. However, it has been found from Figure 8.13 that, with the increase of 
electrode scanning speed the Rmax also tend to increase in milling micro-EDM. This is 
because with the increase of scanning speed, there may be some variation in the depth 
on the machined surface. Moreover, there may be some traces of the electrode 
scanning path, if the scanning speed is higher. The same effect may be experienced if 
the depth of cut at each layer is higher. However, this effect is reduced in this study by 
selecting the depth of each layer as 5 µm. 
 
8.7 Improving the performance of sinking micro-EDM for fine-finish 
machining of WC: Effect of different electrode materials 
As there is no electrode movement in sinking micro-EDM, investigations were 
conducted for improving the performance of sinking micro-EM using different 
electrode materials such as copper tungsten (CuW) and silver tungsten (AgW) 
electrode and comparing the performance with that of tungsten (W) electrode.  
 
















W 99.9%W 19.3 115 129 30 
CuW 60%W-40%Cu 12.6 77 160 33 
AgW 80%W-20%Ag 15.5 97 195 43 
 
8.7.1 Surface topography  
Figure 8.14 shows the EDMed surface of WC using W, CuW and AgW electrodes at 
60 V, stray capacitance (7 pF) setting. It can be seen that there are some black traces 
and defects on different places of the machined surface when using the W electrode. 
However, it decreases in cases of using the CuW electrode. On the other hand, there 
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are very few black spots or defects on the surface machined by the AgW electrodes. 
These black spots are mainly due to the low spark gap attributed to low gap voltage. In 
addition, the effect of electrode material properties is important to consider. The 
electrical and thermal conductivity of AgW electrodes are much higher compared to W 
and CuW. Due to the better thermal and electrical conductivity, the gap width 
increases. Again, higher conductivity of the electrode facilitates dielectric breakdown, 
hence reduce the arcing and short-circuiting. Figures 8.15(a), (b) and (c) present the 
topography of the micro-EDMed surface of WC at 1000X magnification which was 
taken from the smoother portion of the entire machined area. It was observed that the 
surface obtained using the W and CuW electrode has some defects, like micro-cracks 
or micro-voids that were not visible under lower magnifications.  
   
                       (a)                                                         (b)                                                       (c)  
Figure 8.14: Micro-EDMed surface of WC at 60 V, stray capacitance using (a) W, (b) 
CuW and (c) AgW electrode 
 
   
          (a) Using W electrode                  (b) Using CuW electrode                  (c) Using AgW electrode 
Figure 8.15: Topography of the micro-EDMed surface of WC at 60 V, stray 
capacitance showing some defects using W and CuW electrodes  
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To get a clear idea about the black spots and surface defects on the machined surface, 
EDX spectrum analysis has been done on the entire machined area. Figures 8.16(a), (b) 
and (c) represent the EDX spectrum analysis of the entire machined surface shown in 
Figures 8.14(a), (b) and (c) respectively. It was observed from the analysis that the 
percentage of carbon is higher on the machined surface obtained by W electrode 
followed by CuW. However, the machined surface obtained using AgW has less 
carbon. This may be due to the high thermal and electrical conductivity of AgW that 
facilitates the discharging process to be more uniform with reduced short-circuiting 
and arcing. Moreover, the higher percentage of carbon explains why there are some 
traces of black spots on the machined surface EDMed by the W and CuW electrodes. 
Carbon is generated due to the decomposition of the working oil and attaches to the 
machined surface following the evaporation and melting of the WC material. In 
addition, the carbon is dislodged from the WC workpiece in the form of debris by 
melting/evaporation and gets re-deposited on the machined surface as sometimes the 
debris cannot be flushed away properly from the machined zone due to the low 
working gap. The percentages of carbon found on the machined surface when using W, 
CuW and AgW electrodes at 60 V, stray capacitance setting are 40.36%, 22.79% and 
17.42% respectively. Moreover, during the EDM process there is always some 
migration of materials from the electrode to workpiece, and vice versa [Soni and 
Chakraverti, 1996]. Sometimes the decomposition of dielectric results in some form of 
organic materials alloyed on the surface. It has been observed from EDX analysis that 
in the case of micro-EDM using CuW, some amounts of copper migrate from the 
electrode to the workpiece. On the other hand, in case of using AgW, no traces of Ag 
were found on the workpiece surface, which is a better sign of a clean and shiny 
surface. Moreover, the percentage of parent material, i.e. W, is higher on the surface 
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using the AgW electrode compared to that on the surface obtained by the W and CuW 
electrodes. Thus, using AgW electrodes, the properties of the WC after the micro-
EDM process are expected to change very little compared to that when using W and 




 (b)  
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(c)  
Figure 8.16: EDX spectrum analysis of the micro-EDMed surface machined by (a) W, 
(b) CuW, (c) AgW electrode as shown in figure 8.11(a) (b) and (c) respectively 
  
8.7.2 Surface roughness 
It has been observed that the surface roughness is also influenced by the electrode 
material properties. Figures 8.17(a) and (b) show that for all values of voltage and 
capacitance, AgW electrode provides lower surface roughness. The reason for 
obtaining lower surface roughness using the AgW electrode is the better electrical and 
thermal properties of AgW compared to that of W and CuW.  The AgW electrode 
utilizes the high melting point and durability of tungsten with the high electrical 
conductivity of Ag. If the conductivity of the electrode is better, then it facilitates the 
uniform and effective pulse discharges reducing ineffective pulses like short-circuits 
and arcing.  Therefore, the frequency of pulse increases, which is an important 
criterion for fine surface finish as high frequency and low amperage provide better 
surface finish.  In addition, it was found that the Rmax varies for using different 
electrode materials (Figure 8.18). Similar to the case of Ra, AgW provides lower Rmax, 
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indicating a comparatively shiny surface. Besides AgW, it has been found that W 











































                                         (a)                                                                                    (b) 
Figure 8.17: Variation of average surface roughness (Ra) with (a) gap voltage (at stray 








































                                              (a)                                                                                (b) 
Figure 8.18: Variation of peak to valley (Rmax) of micro-EDMed WC with (a) gap 
voltage (at stray capacitance) and (b) capacitance (at 60 V) for using different 
electrodes. 
 
8.7.3 MRR provided by different electrode materials 
Experimental investigations have also shown that, in addition to gap voltage and 
capacitance, the MRR also depends on the electrode material properties. Figure 8.19 
presents the variation of MRR provided by different electrode materials with electrical 
parameters during the fine-finish micro-EDM of WC. This is due to the fact that the 
dielectric breakdown during the EDM process depends on both workpiece and the 
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electrode materials [Klimkin, 1993]. However, cathode (electrode) material has more 
obvious effect on the first breakdown when exposed to pulse voltage or short term dc 
and ac voltages [Klimkin, 1993]. Moreover, it was also reported that in tip-plane 
electrode systems, the effect of tip electrode material is more prominent [Ushakov, 
2004]. Therefore, the electrode material has an important influence on the dielectric 
breakdown, and consequently on the MRR. The MRR is strongly dependent on the 
dielectric breakdown. For faster MRR, the dielectric breakdown will have to initiate 
earlier or the breakdown voltage should be lower. Another reason for this dependency 
on the electrode material is the electrical and thermal properties of the material. As 
EDM is an electro-thermal process the electrical and thermal conductivity and the 
melting points of both the electrode and workpiece material play an important role in 
the EDM performance. It has been found that for all values of gap voltage and 
capacitance, the CuW electrode provides the highest MRR, followed by the AgW and 
W electrodes. This may be explained by the fact that W has the highest breakdown 
voltage followed by Ag and Cu. The reason for the higher breakdown voltage of W is 
its higher atomic mass and hardness [Ushakov, 2004]. Moreover, it has been found 
from the experimental investigation that in case of MRR, electrical and thermal 
conductivity are the primary influencing factors. The high electrical conductivity 
facilitates the sparking process and increases effective pulses which increase MRR. On 
the other hand, higher thermal conductivity is useful to raise the temperature of the 
workpiece above the melting point in a short time. These are the reasons why CuW 
and AgW provide higher MRR in the finishing micro-EDM of WC compared to the W 
electrode, although W has a higher melting point. However, the melting point has a 
secondary effect on the MRR. It has been observed that CuW provides better MRR 
than AgW, although AgW has higher thermal and electrical conductivity (Table 8.2) 
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than CuW. The reason could be the higher melting point (1084 0C) of Cu compared to 














































                                           (a)                                                                                       (b) 
Figure 8.19: Variation of MRR with respect to (a) gap voltage (at stray capacitance) 
and (b) capacitance (at 60 V) for the fine-finish micro-EDM of WC using different 
electrode materials 
 
8.7.4 EWR of different electrode materials 
The EWR of an electrode strongly depends on the electrical and thermal properties of 
the electrode material. The evaporation point, melting point, thermal conductivity and 
thermal diffusivity are the important properties that influence the electrode wear of an 
electrode [Tsai and Masuzawa, 2004]. The basic requirement of an electrode material 
is the high melting and evaporation point in addition to high thermal conductivity. It 
has been found from the study that the EWR is almost inversely proportional to the 
melting point of the electrode material. From Figures 8.20(a) and (b) it can be seen that 
for every setting of voltage and capacitance, the wear of W electrode is the lowest due 
to its highest melting point among the three electrodes. The CuW electrode has also 
good wear resistance due to its moderately high melting point and strong spark-
resisting capacity. On the other hand, the AgW electrode suffers the highest EWR in 
spite of its higher thermal and electrical conductivity among the three electrodes. 
However, besides volumetric wear presented in this study, corner wear is also an 
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important parameter to consider, especially in the finishing EDM. It has been 
investigated earlier that the corner wear is higher for the electrodes with lower thermal 
conductivity [Tsai and Masuzawa, 2004]. Therefore, the corner wear of AgW is lower 
than that of CuW and W [Drozda et al., 1998].  Hence, AgW should be used when very 
fine details are to be produced with a smooth surface finish. In this study though, 
corner wear was not measured due to very low height of worn electrode in finish 
micro-EDM, but the effect of corner wear can also be seen from Figure 8.21. Usually, 
both the linear and corner wear increase with the increase of voltage. It can be 
observed from the Figure 8.21 that at higher voltage the high corner wear of the W 
electrode made the electrode taper, thus concentrating the sparks in the middle of the 
machined area. Therefore, short-circuiting and arcing occurred at the middle of the 
machined area for a rotating cylindrical electrode, which also resulted in uneven 
machined depth between the center and periphery of the micro-EDMed area. From 
Figure 8.21(a) it can be observed that, using the W electrode there are some traces of 
black spots in the middle of the machined zone, whereas the periphery was not being 
machined at the proper depth. This is because the low thermal and electrical 
conductivity of the W electrodes causes high corner wear [Tsai and Masuzawa, 2004]. 
However, in the case of the AgW electrode though the machined surface became 
slightly concave, it remained free of any traces of black spots. There are also some 
black traces on the machined surface in case of using CuW electrode due to the corner 
wear. However, AgW provides a smooth surface without any traces of black spots in 
the machined area as it suffers from much less corner wear. Therefore, considering 
corner wear as an important factor in finishing micro-EDM, AgW was found to be best 
suited for the fine-finish micro-EDM of WC. Moreover, sometimes electrode wear is 
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tolerated when fine, intricate parts with good surface finish are required to be 






































                                            (a)                                                                                    (b) 
Figure 8.20: Variation of EWR of different electrodes with respect to (a) gap voltage 
(at stray capacitance) and (b) capacitance (at 60 V) for fine-finish micro-EDM of WC   
 
   
     (a) Using W electrode                       (b) Using CuW electrode               (c) Using AgW electrode 
Figure 8.21: Micro-EDMed surface of WC at 140 V, stray capacitance: black traces at 
the centre are due to the corner wear of the electrodes 
 
8.8 Effect of different electrode materials in milling micro-EDM 
One important observation is that, the effect of different electrode materials are more 
pronounced in the case of die-sinking micro-EDM compared to milling micro-EDM. 
As in die-sinking the electrode doesn’t move the electrical and thermal properties are 
the main factors influencing the arcing, short circuiting and machining stability. 
However, it has been found from Figures 8.22(a) and (b) that, there are very little 
variations in the surface roughness values obtained in the scanning micro-EDMed 
surface using different electrode materials. This is because, due to the electrode 
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movement in scanning, the arcing and short circuiting was reduced for all the electrode 
materials. It has been found, there is very little variation in the values of Ra, although 
the values of Rmax are comparatively lower for the surface machined by AgW. A low 
value of Rmax indicates that crater boundaries are reduced and thus reflections of 
incident light are also got reduced which improves the glossiness.   It has been found 
that among the three electrodes, AgW electrode provides surfaces with comparatively 
lower Ra and Rmax values in milling micro-EDM. However, it has been found that, for 
all the electrodes, the surface roughness parameters are lower in milling micro-EDM 










































                                           (a)                                                                                   (b) 
Figure 8.22: Comparison of (a) Ra and (b) Rmax of micro-EDMed surface obtained in 
milling micro-EDM at stray capacitance using different electrode materials 
 
8.9 Concluding remarks 
Based on the experimental investigations on the fine-finish die-sinking and scanning 
micro-EDM, the following conclusions can be drawn:  
• For the finishing micro-EDM of WC, nanosurface can be produced using RC-
type pulse generator by minimizing the discharge energy per pulse by means of 
low gap voltage and capacitance. The discharge energy can be reduced to a 
great extent using the stray capacitance and very low gap voltage. 
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• There may be some traces of surface defects in die-sinking micro-EDM, 
especially at very low voltage due to arcing and short-circuiting. This effect can 
be reduced by the application of tool movement. Milling micro-EDM can 
generate smooth, shiny and defect-free surface with lower Ra and Rmax along 
with uniform crater distribution.  
• Very low discharge energy can be applied more easily in milling micro-EDM 
without making the machining process unstable, as it provides low 
workpiece/electrode capacitance, combined scanning and rotational movement 
of electrode and good inherent flushing conditions. Thus, micro-EDM milling 
can open up new possibilities in EDM polishing of micro-moulds, micro-dies 
or even 3D micro-structures. 
• Besides the discharge energy, the melting point, evaporation point, thermal 
conductivity and electrical conductivity of the electrode material play an 
important role in determining surface finish, MRR and EWR during the micro-
EDM, especially in sinking micro-EDM as the electrodes are stationary. AgW 
has better electrical and thermal properties compared to other EDM electrodes, 
thus offers better surface finish in the micro-EDM of tungsten carbide. 
• The performance of milling micro-EDM can further be improved increasing the 
MRR by means of higher electrode scanning speed. The sudden stop down of 
machining due to the electrode wear can be solved using wear compensation in 
milling micro-EDM. 
 
The following chapter will present an analytical and experimental investigation on 
further improving the surface finish of WC using nanopowder-mixed dielectric in the 
sinking and milling micro-EDM. 
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Chapter 9 
Powder-mixed micro-EDM of tungsten carbide 
 
9.1 Introduction  
This chapter will discuss the feasibility of achieving fine surface finish by micro-EDM 
of tungsten carbide in a dielectric mixed with graphite, aluminum and alumina (Al2O3) 
nanopowders. The mechanism of powder-mixed micro-EDM has been analysed 
mathematically in terms of the effect of additive particle size, concentration, and 
electro-thermal properties on the dielectric breakdown and gap width. The effect of 
powder materials characteristics on the spark gap, surface topography, average surface 
roughness (Ra), peak-to-valley surface roughness (Rmax), MRR and EWR during the 
fine-finish powder-mixed micro-EDM has also been presented. Finally, a comparative 
study has been presented on the surface characteristics of sinking and milling micro-
EDM without and with the addition of nanopowders at different settings of discharge 
energy using the selected powder materials with optimum concentration. 
 
9.2 Analytical study of the mechanism of powder-mixed micro-EDM 
9.2.1 Forces acting on a particle in electric and shear field 
Figure 9.1 shows the schematic diagram of the forces acting on a powder particle 
suspended in the dielectric fluid in powder-mixed micro-EDM. In the figure, qE = Fc = 
columbic force acting on the particle (N); Fl = Lift force; Fd = Drag force; Fe = force 
due to applied electric field; f = friction direction; mg = weight of particle. 
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Figure 9.1: Schematic representation of forces acting on a single powder particle 
  
For a spherical particle under the condition of low Reynolds numbers, the lift force Fl 
is calculated as: ρωπ 3
8 pl
uDF =  [Rubinow and Keller, 1961]                                  (9.1) 
Where, u = uniform velocity of dielectric flow; Dp = diameter of the particle; ρ = 
density of the fluid; ω = angular velocity of the particle  
According to “stokes theorem” the drag force due to slow uniform velocity of particle 
is: rvFd πη6=  [Kok, 1961]                                                                                      (9.2) 
Where, η = viscosity, v = velocity, r = particle radius 
The force on a polarized spherical particle of radius r on an electric field with two 









−=  [Kok, 1961]                                                                   (9.3) 
Where, εp = permittivity of particle material; εl = permittivity of liquid dielectric 
The sign of Fe remains unchanged for reverse voltage polarity [Kok, 1961]. 




===                                                                                                 (9.4) 
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9.2.2 Effect of powder particles on the dielectric breakdown 
                      
                          (a)                                                                  (b) 
Figure 9.2: Schematic representation of forces acting on a single powder particle 
during PM micro-EDM 
 
Assumptions: 
1. Consider the system as a cell with two plane parallel electrodes 
2. The spherical particle is assumed in origin (0,0,0) of the system 
3.  There is stress concentration at a place (x,0,0) where the particle will move 
4.  The force Fe is directed towards a place of maximum stress (as εp>εl) 








εεε and gradE=dE/dx. 
6. Only the transverse components of forces are taken into consideration, as the 
velocity of particle is considered in one direction. 
7.  The weights of the particles are neglected as they are very small (for 
micro/nano particles). 
 
Taking the transverse component of the forces acting on the particle  
0=+ de FF    or,    0)(613 =− xrvdx
dEECr πη                         (9.5) 
The solution for velocity of the particle under the electric and shear field: 
X  
Y   
Z 
Fd + Fe 
qE + Fl 
mg 
f 
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1 πη=                                                                                        (9.6) 
However, the particles simultaneously accumulate in regions with highest field 
strength (high stress concentration) and diffuse into regions with lower concentration 







)( −=  [Ushakov, 2004]                                                                 (9.7) 
Where, D = coefficient of diffusion, N(x) = concentration of particle 
According to Stokes-Einstein equation: ηπr
kTD
6
=      [Kok, 1961] 
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1 ifibr NNkTEErC −−=−  (9.10) 









kTEE −=   (9.11) 
Thus, breakdown strength depends mainly on particle size, r and particle 
concentration, N, as (2kT)/C1 is comprised of constant terms. 
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As the value of (2kT)/C1 in R.H.S of the equation is constant, it can be concluded that 
Ebr decreases with increasing particle concentration ‘N’ in logarithm scale and remains 
unchanged for no change in concentration that means no added powder. 
If we consider the permittivity of the powder particle and dielectric, i.e. putting the 
















+−=                                                                  (9.12) 
Therefore, in addition to particle size and concentration the dielectric breakdown 
strength Ebr also depends on: 
¾ permittivity of the powder particle, εp 
¾ permittivity of dielectric liquid, εl 
 
9.2.3 Effect of powder particles in gap width 
                            
Figure 9.3: Schematic diagram of a powder particle in the gap [Chatterton et al., 1972] 
 
Assumptions: 
1.  A spherical micro/nano particle is assumed to be initially in contact with anode 
2.  The particle is initially uncharged but becomes charged on the separation from 
anode when the electrical field is applied 
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p +≈ πεβ   [Chatterton et al., 1972]   (9.13) 
Where, β = field enhancement factor for small protrusion; gd = distance between 
bottom of the particle and electrode plane, hp = height of the protrusion, X = distance 
between centre of the particle and electrode plane; d = distance between the electrodes 
The first term is due to the presence of the charge and second term arises through the 
field distortion. The field enhancement factor β depends on the geometry of micro-




g=β   [Watson, 1985, Dhanik and Joshi, 2005]                  (9.14) 
Where, rp is the radius of micro-peak  
The charge of the spherical micro-particles under the electric field is: 
 20 ErZQ dπε=  [Chatterton et al., 1972] (9.15) 
Where, Z = charge factor depending on geometry, for plane electrode Z = 6.58; r = 
radius of the particle; εd = permittivity of the dielectric; E = macroscopic field = (V/d) 
Due to the increased electric field with the inclusions of powder particles, the machine 
control system compensated the inter-electrode gap to a new value called d2. Putting X 
= gd+r+hp (from the Figure 9.3) 


















g=β  (9.16) 
However, without powder particles the equation of Ep was: )(
1
1 d
VEp β≈   
Where, ])(2log[ 211 ppd rdrg=β   
Powder-mixed micro-EDM of tungsten carbide 
 
                                                                                            168
The important thing is that, the critical electric field required for a spark to occur 
should be the same for both the cases with and without powder particle addition and 













E +++≈ πεβ )( 11 d
Vβ≈   (9.17) 






















=  where, β= β2/ β1 (9.18) 






0  in the denominator which is due to the 




0 is very small.  







++= β                                                                                                 (9.19) 
It can be easily said from equation (9.19) that, the numerical value of gap width d2 will 
be higher than d1. Thus, gap width increases with the inclusion of powder particles. 
 
9.2.4 Effect of powder particle’s conductivity 
                                 
Figure 9.4: Schematic diagram showing the electrical forces acting on a powder 
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Effect of low/non conductive particle 
Assumptions: 
1. The particles with of low-conductivity behave like ions or charged molecules, 
just act as charge carrier. only qE acts in case of low or non-conducting 
particles. [Kok, 1961] 
2. Some adsorption occurs at the solid particles and electrodes. 
3.  Zeta potential does not depend on the field strength. [The potential at the 
boundary between the adsorbed liquid and the flowing liquid is called the zeta 
potential]. 
 
For low or non-conducting particles the electric field has only a component parallel to 
the surface. If the field strength is E, and v is the particle velocity, then the equation for 





         (9.20) 
Where, η = viscosity of dielectric liquid; ε = permittivity of the liquid and ζ = zeta 
potential at the boundary  




== Evb  (9.21) 
The conductivity is ohmic only due to the carrying of charge only. The relation for this 
conductivity presented as current density per sq. cm. can be determined as follows: 
[Kok, 1961] 
pppp veNi =  (9.22) 
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Where, ip= current density per square cm carried by powder particles, Np= 
concentration of particles, ep = charge carried by a particle, vp = velocity of the particle 






Putting the value of mobility b, the equation becomes:  
bEeNi ppp =  (9.24) 
Thus, the conductivity of the powder-mixed dielectric in this case is ohmic and  
¾ Proportional to E and  
¾ Increases with charge and concentration and mobility of particles. 
 
Effect of semi-conductive or conductive particle 
Assumptions: 
1. In a stronger field or with particles with high conductivity may be 
considered to be induced dipole.  
2. Particle upon touching an electrode, acquire a surface charge density 
not greater than electrodes themselves. 
3. Vparticles =  Velectrode 
4.  particles are of radius r 
 
As stated earlier, drag force = transverse force on the particle due to electric field, thus: 
rvFF de πη6==  
Thus, rvqEF πη6==  (9.25) 
Putting q = rV and E = V/d, The expression for v is:  
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Now, putting the value of v into the equation of conductivity (equation 9.22) 





Thus, the total conductivity in the dielectric in this case is proportional to E2 and no 
longer ohmic. The conductivity of the dielectric increases with 
¾  electric field 
¾  concentration of powder particle 
¾  decrease of viscosity of dielectric and increase of gap width 
 
9.3 Experimental verification of the analytical findings 
















+−= , it can be said that, ‘Ebr’ depends on 
particle radius ‘r’ and change in concentration ‘N’, permittivity of the particles 
and dielectric. For, no powder particles or unchanged concentration (Nf = Ni), 
the value of Ebr = Ei which means no change in breakdown strength. 






++= β , it has been shown 
that, d2 > d1, which indicates that spark gap increases after adding powder 
particles. The spark gap also depends on the particle size, as field enhancement 
factor ‘β’ is a function of particle size ‘r’ and geometry of the craters. 
• For non-conductive particles, the total conductivity of the powder-mixed 
dielectric was found as bEeNi ppp =  , which depends on concentration, charge 
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dEeNi ppp = , which also depends on the electrical field to 
a great extent as proportional to ‘E2’ in addition to concentration, charge, 
viscosity of dielectric and gap distance at which electric field applied. 
  
To verify the findings from analytical study, in the following sections, experimental 
investigations will be presented on the effect of powder characteristics such as particle 
size, concentration, conductivity on the spark gap, surface finish, MRR, and EWR.  
 
9.4 Setup for powder-mixed micro-EDM and machining conditions 
In this study of powder mixed micro-EDM of WC, the dielectric circulation system has 
been designed carefully. Since the debris particles created from WC are magnetic, a 
magnetic filter with a magnet material of ‘Ferrite C5’ is used to separate the debris and 
to allow the non-magnetic nanopowder particles to pass through. The core of the 
magnetic filter collects the debris as smaller as 0.7µm in diameter. After the filtering of 
debris particles, only powder mixed dielectric is recirculated by means of a pump. 
Figure 9.5 present the schematic diagram of the setup with the circulation system for 
powder-mixed micro-EDM. 
 
A series of experiments have been carried out in order to study the effect of different 
powder characteristics on the performance of fine-finish micro-EDM of tungsten 
carbide. Three different nanopowder materials with different level of electrical and 
thermal conductivity were selected. The important characteristics of the nanoparticles 
are listed in Table 9.1. The experimental conditions are provided in Table 9.2. 
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Figure 9.5: Schematic diagram of the setup designed for powder mixed micro-EDM 
 






conductivity     









(J Kg-1 K-1) 
Gr 55  2.25 1.50 3 × 10-3 3652 710 
Al 18 2.70 2.38 0.377 660 910 
Al2O3  25 3.89 0.35 1 × 10-8 2054 880 
 
Table 9.2: Experimental conditions for the sinking and milling micro-EDM of WC 
Workpiece material WC-10wt%Co 
Tool electrode Tungsten, φ 0.5 mm 
Dielectric fluid Total EDM 3 oil 
Powder materials Graphite, Aluminium, Al2O3 
Pulse generator type RC-generator 
Voltage (V) 60, 80, 100, 120 
Capacitance (pf) 47, 10, stray (7pF) 
Resistance (kΩ) Fixed to 1kΩ 
 
9.5 Effect of powder characteristics in fine-finish micro-EDM of WC 
9.5.1 Spark gap 
In addition to gap voltage, there are several factors which may influence the spark gap 
during machining, such as dielectric fluid, flushing condition, servo settings and 
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presence of debris particles [Wong et al., 1998]. Figure 9.6 shows the effect of powder 
materials concentration on the spark gap in sinking and milling micro-EDM for adding 
graphite, aluminium and alumina nanopowders in the dielectric. It has been observed 
that, except for alumina mixed dielectric, the spark gap increases significantly with the 
increase of powder concentration for graphite and aluminium mixed dielectric. During 
the micro-EDM, the presence of conductive or semi-conductive powders in the 
working gap can drastically lower the breakdown strength of dielectric, facilitate the 
ignition process and thus eventually results in a higher spark gap [Tzeng and Chen, 
2005]. Moreover, it has been observed that the spark gap also depends on the 
characteristics of the powder materials. It has been found that the alumina powder has 
no significant effect on the spark gap. The reason can be explained by the thermo-
physical properties of the alumina powder. It can be seen from Table 9.1 that, the 
density of alumina powder is higher compared to graphite and aluminium powder. 
Therefore, settling of powder occurs during the machining as higher density of alumina 
overwhelmed the suspension capacity of EDM oil. Therefore, although a stirrer is used 
to maintain the uniformity of the dielectric concentration, most of the alumina 
deposited at the bottom of the dielectric tank. It can be seen from Figure 9.6 that, there 
is only little increase in spark gap at higher concentration of alumina powder. In 
addition, the thermal and electrical conductivity of alumina is much lower compared to 
graphite and Al powder. Therefore, alumina powder has less effect on the breakdown 
characteristics of the dielectric. On the other hand, the higher thermal and electrical 
conductivity of the Al powder is the prime reason for providing higher spark gap, as 
adding more conductive powder in the dielectric can drastically lower the breakdown 
strength and hence increase the spark gap. However, the lower density of graphite 
powder makes it capable of mixing uniformly with the dielectric which can make the 
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discharging more uniform. The spark gap increased gradually with the increase of 
concentration for the graphite nanopowders. It has been observed that, although 
particle size has influence on the spark gap and gap increase with the particle size 
[Tzeng and Lee, 2001], the electrical and thermal conductivity are the main 
influencing parameters affecting the dielectric breakdown. This can be confirmed from 
the fact that, although graphite nanopowders (55 nm average particle size) are much 
higher that Al (18 nm), due to lower electrical and thermal conductivity it provides 











































                                            (a)                                                                                (b) 
Figure 9.6: Variation of spark gap with different powder materials concentration, (a) 
for die-sinking and (b) milling micro-EDM 
 
9.5.2 Average surface roughness 
Powder mixed micro-EDM can significantly influence the surface roughness, 
especially in the finish micro-EDM, as it has been found that, the spark gap increases 
significantly with the addition of powder materials in dielectric oil. During the PM 
micro-EDM, the gap distances increases after the addition of powder materials in the 
dielectric. Therefore, the electrical discharges are well distributed, which reduce the 
energy released from a single spark at lower spark gap [Wu et al. 2005; Wong et al. 
1998]. The concentrated discharge energy at lower spark gap results in broader crater 
size in addition to surface defect due to arcing and short-circuiting. On the other hand, 
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a fine surface with smaller craters due to distribution of discharge energies is found 

































                                          (a)                                                                                   (b) 
Figure 9.7: Variation of average surface roughness with different powder materials 
concentration, (a) for die-sinking and (b) milling micro-EDM 
 
Figure 9.7 shows the effect of different powder concentrations on the average surface 
roughness for sinking and milling micro-EDM of WC at 80 V, stray capacitance. It has 
been found that, among the three powders, graphite powder mixed dielectric provide 
better surface finish both in sinking and milling micro-EDM. Although the Al powder 
has higher thermal and electrical conductivity compared to graphite powder it provides 
higher surface roughness than that of graphite powder. Firstly, the density of Al 
powder is higher than that of graphite powder, which prohibits it from mixing 
uniformly with the dielectric. Therefore, discharge energies are more distributed in 
case of graphite powders which make it suitable for providing smaller and shallow 
craters. On the other hand, the Al powder has a tendency to agglomerate due to the 
electrostatic force or Van Walls force when added to dielectric [Fang and Hays, 2003]. 
Therefore, several researchers used surfactant for preventing the agglomeration of Al 
powder during powder mixed dielectric [Wu et al. 2005]. This has been proved in our 
experimental study by observing the surface topography of the machined surface after 
applying different powder mixed dielectric.  
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         (a) die-sinking, 0.2 g/L                   (b) die-sinking, 0.6 g/L                 (c) die-sinking, 2 g/L 
   
         (d) milling, 0.2 g/L                            (e) milling, 0.6 g/L                       (f) milling, 2 g/L 
Figure 9.8: SEM images showing the surface topography of aluminium powder mixed 
sinking and milling micro-EDM at different concentration 
 
   
         (a) die-sinking, 0.2 g/L                  (b) die-sinking, 0.6 g/L                  (c) die-sinking, 2 g/L 
   
           (a) milling, 0.2 g/L                        (b) milling, 0.6 g/L                         (c) milling, 2 g/L 
Figure 9.9: SEM images showing the surface topography of graphite powder mixed 
sinking and milling micro-EDM at different concentration 
 
Figures 9.8 and 9.9 show the SEM image of the surface topography of sinking and 
milling micro-EDM using graphite and Al nanopowders mixed dielectric respectively 
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at a different concentration. Some deposited and resolidified Al powder has been found 
on the machined surface and it increases with powder concentration in dielectric. The 
lower melting point of Al powder compared to graphite powder may be the reason for 
resolidification of powder materials on the machined surface in addition of settling 
tendency of Al powder. The presence of Al powder has been proved by executing 
EDX spectrum analysis of the machined surface [Figure 9.10]. In addition, higher 
conductivity of Al may be another reason for its deposition on the machined surface. It 
has been indicated that very high electrical conductivity of Al powder may not 
necessarily be suitable for very fine-finish micro-EDM although it can provide higher 
spark gap and MRR [Wong et al. 1998; Pekas and Henriques, 2003]. On the other hand 
from Figure 9.11 it has been found that, there is very little variation in the composition 
of different materials for 0.2 and 2 g/L concentration in graphite mixed dielectric. It 
has been found that, being a semi-conductor, the temperature effect on its resistivity 
can significantly influence the scattering effect [Wong et al., 1998] during the fine-
finish micro-EDM. The conducting electrons increase with the increase of temperature 
during micro-EDM which reduces the electrical resistivity and results in lowering the 
breakdown strength. In addition, due to its higher thermal conductivity, more heat is 
distributed and dissipated to the workpiece surface to limit the size of the craters 
produced. In addition, the lower density of graphite powder makes it suitable to mix 
uniformly and float within the dielectric fluid. Moreover, the excellent lubricity of 
graphite may also have some effect on the surface finish [Wong et al., 1998]. 
 
Moreover, it has been found that both for graphite and Al powder, the average surface 
roughness decreases first with the increase of powder concentration in the dielectric 
upto a certain limit, then again tends to increase. Powder settling is a common problem 
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at higher concentration [Pecas and Henriques, 2003], although spark gap increases. 
The bridging effect can result in more concentrated discharge energy and accumulate 







Figure 9.10: EDX analysis of the machined surface in Al PM milling micro-EDM for 
(a) concentration of 0.2 g/L (Fig. 8.7d), (b) concentration of 2 g/L (Fig. 9.7f) 
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Figure 9.11: EDX analysis of the machined surface in graphite PM milling micro-
EDM for (a) concentration of 0.2 g/L (Fig. 8.8d), (b) concentration of 2 g/L (Fig. 8.8f) 
 
9.5.3 Peak-to-valley surface roughness 
Figure 9.12 show the effect of different powder materials and their concentration on 
the Rmax values during the fine-finish sinking and milling micro-EDM of tungsten 
carbide. It has been found that, among three powders, graphite powder mixed dielectric 
is more capable of lowering the Rmax values both in case of sinking and milling micro-
EDM. Aluminum particles also found to lower the Rmax values. However, the lowest 
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values of Rmax found are different for graphite and Al powders. It has been found that, 
the lowest Rmax of 0.26 µm was obtained in 0.2 g/L concentration for graphite powder. 
On the other hand, for Al powder the lowest Rmax of 0.3 µm was obtained at 0.6 g/L. 
This may be due to the reason that, graphite powder with comparatively lower density 
can easily mix uniformly with the dielectric and provide improved performance. It has 
been also obtained that the Rmax decreases with the concentration upto a certain level, 
then again tend to increase. As discussed earlier, this may be due to the settling 
problem of powder materials at higher concentration. Another important observation is 
that, the trend of reducing the Rmax values are more significant in die-sinking micro-
EDM compared to milling. This is due to the fact that, the presence of powder reduces 
the electrostatic capacity which usually forms at lower gap voltage in die-sinking due 
to stationary tool and workpiece [Bleys et al. 2006]. On the other hand, in milling 
micro-EDM due to electrode scanning movement, the capacitance cannot form 
between the electrode and workpiece. In addition, it has been found that, the alumina 
powder also has some influence on the reduction of Rmax values during the milling 
micro-EDM. This is due to the reason that, the alumina powder in the gap can provide 
some abrasive finishing during the scanning motion of the electrode, which is 
considered as the secondary effect [Kansal et al. 2007, Tzeng and Chen, 2005]. 
However, the effect is very lower compared to the effect of thermo-physical properties 
of the powder particles. 
Powder-mixed micro-EDM of tungsten carbide 
 







































                                            (a)                                                                                      (b) 
Figure 9.12: Variation of peak-to-valley roughness with different powder materials 
concentration, (a) for die-sinking and (b) milling micro-EDM 
 
9.5.4 Material removal rate 
In addition to defective surface finish, another problem of fine-finish micro-EDM at 
lower discharge energy is the machining stability. As the spark gap becomes very 
small in finish micro-EDM, it becomes difficult to flush all the debris particles from 
the machined zone, which results in unstable machining. Therefore, due to long 
machining time the MRR decrease drastically. Powder mixed dielectric has been found 
to be very effective in the reduction of instability during fine-finish micro-EDM, thus 
reducing the machining time and increasing the MRR. There are several effects of 
powder particles that help in enhancing the MRR. Firstly, the spark gap increases 
significantly which facilitate the removal of debris particles from the machined zone 
and brings new materials under machining. In addition, there is significant reduction in 
machining instability due to reduction of arcing and short-circuiting at higher spark 
gap, which reduce the machining time and hence increase MRR. The principal 
mechanism is that, the addition of powder particles resulted in a reduction of electrical 
discharge power density and gap explosive pressure for a single pulse [Tzeng and 
Chen, 2005]. Therefore, it results in uniform distribution of discharging in workpiece 
materials, which producing smaller and uniform craters instead of deep single crater. 
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However, the overall MRR increase due to the significant reduction of machining time 
and instability. 
 
It has been found from Figure 9.13 that, both the powder materials properties and 
concentration have significant effect on the MRR during the fine-finish sinking and 
milling micro-EDM of WC. It can be seen from the figure that, among the three 
powders, Al powder suspended dielectric provide the higher MRR followed by 
graphite. This is attributed to the higher electrical and thermal conductivity of Al 
powder compared to other two powders. As can be seen from Table 9.1 that, the 
electrical conductivity of Al powder is much higher that that of graphite powder which 
helps in the reduction of the dielectric resistivity. Therefore, the breakdown of the 
dielectric occurs more quickly that significantly reduces the machining time. In 
addition, due to higher spark gap provided by the Al powder, the debris removed from 
the workpiece can be flushed away from the machined zone more quickly and easily. 
Another reason for increased MRR in Al powder suspended dielectric may be 
comparatively lower particle size of the Al powder. The average particle size of Al is 
18 nm which is much lower that that of graphite (55 nm). It has been stated that, larger 
particle size has combined effect of low electrical power density, fewer particles 
striking, and poor improvement in the discharge transitivity, which results in 
comparatively lower MRR [Tzeng and Lee, 2001]. In addition, from the view point of 
minor abrasive action, the higher density and lower particle size of Al powder may 
contribute to increase in MRR, although the effect is very negligible [Tzeng and Lee, 
2001]. 
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However, it has been observed that for both the Al and graphite powders, the MRR 
tends to decrease at higher concentration in die-sinking micro-EDM. This is due to the 
reason that, at higher concentration the powder particles tend to get deposited at the 
bottom and on the workpiece. Therefore, as the electrode is stationary in die-sinking 
micro-EDM, these deposited particles on the workpiece in the spark gap can results in 
arcing thus reducing the MRR. On the contrary, in milling micro-EDM, the MRR 
tends to increase at higher concentration also as the scanning motion of the electrode 
counterbalance the settling effect of powder particles.  It is important to note that there 
is no significant improvement in the MRR when alumina powder is used in the 
dielectric. Therefore, it can be said that, the thermal and electrical conductivity are the 
two important properties of powder material that influence the performance of powder 






































                                                 (a)                                                                                (b) 
Figure 9.13: Variation of MRR with different powder materials concentration, (a) for 
die-sinking and (b) milling micro-EDM 
 
9.5.5 Electrode wear ratio 
Figure 9.14 shows the effect of different powder materials and their concentration on 
the EWR during the fine-finish sinking and milling micro-EDM at 80 V, stray 
capacitance. It has been found that, although the EWR decreases with the addition of 
powder particles for graphite and Al powder, it doesn’t vary significantly with the 
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increase of powder concentration in the dielectric. It has been found that, for die-
sinking micro-EDM graphite powder provides the lower EWR, whereas the EWR is 
lower for Al powder in milling micro-EDM. This can be explained by the fact that, 
during sinking micro-EDM, there may be formation of some carbon layer on the 
surface of the electrode facing the workpiece for graphite powder mixed dielectric, 
which restricts electrode materials to be removed. It has been reported in several 
studies that during electro-discharge machining there are deposition of carbon and iron 
particles on the tool surface facing the workpiece [Marafona, 2007]. However, in 
milling micro-EDM, due to the scanning movement of the electrode, fewer depositions 
of carbon particles causes more electrode wear during micro-EDM with graphite 
powder mixed dielectric. The higher spark gap provided by the Al powder reduces the 
amount of ineffective pulses significantly thus reducing the EWR. In addition, 
comparatively smaller particles of Al powder can also helps in lowering the EWR 
[Tzeng and Lee, 2001] during the fine-finish micro-EDM of WC. There is no 
significant effect of alumina powder on the EWR. This is due to the reason that 
alumina powder usually has no significant effect on the dielectric breakdown and spark 
































                                           (a)                                                                                (b) 
Figure 9.14: Variation of EWR with different powder materials concentration, (a) for 
die-sinking and (b) milling micro-EDM 
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9.6 Surface characteristics of PM sinking and milling micro-EDM 
From the above discussion, it has been observed that, among the three powders, 
graphite nanppowder with a concentration of 0.2 g/L provides lowest average surface 
roughness and peak-to-valley roughness. Therefore, investigation has been conducted 
on die-sinking and milling micro-EDM at different settings of discharge energy using 
graphite nanopowders mixed dielectric of concentration of 0.2 g/L in order to compare 
the surface characteristics without and with the addition of powder.  
 
9.6.1 Surface topography and crater characteristics 
A common problem during the die-sinking micro-EDM at the finishing regime is the 
capacitance formed by the electrode and the workpiece, as the electrode is stationary 
[Bleys et al., 2006]. Moreover, the open circuit voltage charges this capacitance. 
Therefore, during the discharging, the energy accumulated this way is released and 
adds to the generator discharge current and causes an uncontrollable current peak at the 
moment of discharge, making it impossible to achieve a very low roughness. This 
problem can be solved to a great extent by the powder mixed dielectric as the powder 
particles increases the spark gap thus reduce capacitative effect. Figures 9.15 and 9.16 
present the comparison of machined surface topography for die-sinking and milling 
micro-EDM for without and with the addition of graphite nanopowders in dielectric 
oil. The machined surface topography has been improved after the addition of graphite 
nanopowders. In addition, the surfaces obtained in powder mixed micro-EDM are 
smoother both in sinking and milling micro-EDM. It can be observed from AFM 
image of the scanned surface that, for die-sinking the scale reduced from 434 nm to 
214 nm, whereas for milling micro-EDM it reduces from 424 to 195 nm. The reasons 
for improving the surface finish can be explained by both primary and secondary effect 
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of powder particles [Kansan et al., 2007]. The primary effect is that, the added powder 
improves the breakdown characteristics of the dielectric fluid. Hence, the insulating 
strength of the dielectric fluid decreases and consequently, the spark gap between the 
electrode and workpiece increases. This enlarged spark gap distance makes the 
flushing of debris uniform improving the surface finish at comparatively higher 
machining rate. The secondary effect is that, sometimes there may be some abrasive 
action of the powder particles which can improve the surface finish by reducing the 
deposited debrises and also the crater boundary heights. In addition, it can be seen 
from powder mixed milling micro-EDM [Figure 9.19(b)] provides the best surface 
finish among the four SEM images of surface topography. The reason behind this is 
the reduction of crater boundary heights due to the scanning movement of tool 
electrode in addition to secondary abrasive effect of powder particles.  
                 
                                               (a)                                                           (b) 
                        
                                              (c)                                                          (d) 
Figure 9.15: Machined surface topography in die-sinking micro-EDM at 80 V, stray 
capacitance for (a) SEM image without powder (b) SEM image with graphite powder 
mixed dielectric, (c) AFM image without powder, (d) AFM image with powder 
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                                    (a)                                                                                 (b) 
                 
                                       (c)                                                                         (d) 
Figure 9.16: Machined surface topography in milling micro-EDM at 80 V, stray 
capacitance for (a) SEM image without powder (b) SEM image with graphite powder 
mixed dielectric, (c) AFM image without powder, (d) AFM image with powder 
 
Another important reason for improving the surface finish and topography in powder 
mixed micro-EDM is the crater uniformity. It has been proved that for smooth and 
glossy surface both the crater size and crater distribution is important. In order for the 
machined surface to be smooth and glossy, the surface microstructures are 
characterized by the presence of well-defined, uniformly sized and smoothly 
overlapping craters [Wong et al., 1998]. This is due to the fact that, when applying 
powder mixed dielectric, the discharging process becomes more uniform in addition to 
the enlarged spark gap. The sparking is uniformly distributed among the powder 
particles, hence electric density of the spark decreases. Due to uniform distribution of 
sparking among the powder particles, shallow craters are produced on the workpiece 
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surface which results in an improved surface finish. The crater distribution is more 
important in determining the glossiness of the surface. Figures 9.17 and 9.18 show 
SEM images of the surface showing crater uniformity and distribution in sinking and 
milling micro-EDM at 100 V, stray capacitance for without and with powder. Though 
in the SEM images, the difference in crater distribution is not significantly observable, 
it is easily noticeable that, the intensity of black pock mark are lower in powder mixed 
sinking and milling micro-EDM, which can significantly increase the reflectivity, thus 
making the surface shinier.  
                
                                            (a)                                                               (b) 
Figure 9.17: Comparison of crater distribution in die-sinking micro-EDM at 100 V, 
stray capacitance for (a) without powder (b) with graphite powder mixed dielectric 
 
                
                                              (a)                                                              (b) 
Figure 9.18: Comparison of machined crater distribution in milling micro-EDM at 100 
V, stray capacitance for (a) without powder (b) with graphite powder mixed dielectric 
 
9.6.2 Average surface roughness 
Figures 9.19(a) show the variation of average surface roughness with different settings 
of gap voltage using stray capacitance for sinking and milling micro-EDM with and 
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without powder mixed dielectric. The variation of Ra with capacitances at 60 V is 
shown in Figure 9.19(b). It has been found for all the settings of gap voltage and 
capacitance the average surface roughness reduces after adding graphite nanopowders 
in dielectric oil. An average reduction of 20-30% in Ra was obtained after using 
powder mixed micro-EDM. The lowest value of Ra (38 nm) was obtained in powder 
mixed milling micro-EDM, which was found to be about 49 nm without powder. It can 
be seen from both Figures 9.19(a) and (b) that; there is a significant reduction of Ra at 
140 V, stray capacitance and 60 V, 100 pF settings also, which enables powder mixed 
micro-EDM to be suitable for semi-finish regime also. As the spark gap is mainly 
influenced by the gap voltage without powder mixed micro-EDM [Amorim and 
Weingaertner, 2005], it has been found that, there is a significant reduction of Ra at 60 
V and 100 pF settings [Fig. 9.1(b)]. In 60 V, due to low spark gap, the surface becomes 
rougher at 100 pF, though the discharge energy is only 0.18 µJ/pulse. After applying 
powder mixed dielectric about 20 nm reduction of Ra has been observed. However, it 
can be said that, although there is a significant reduction of surface roughness after 
adding powder in dielectric, the discharge energy is the main contributing factor 
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                                              (a)                                                                                (b) 
Figure 9.19: Comparison of Ra values for sinking and milling micro-EDM without and 
with graphite nanopowder at different settings of (a) gap voltage and (b) capacitance 
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9.6.3 Peak-to-valley surface roughness 
Figures 9.20(a) and (b) show the variation of peak-to-valley roughness (Rmax) with gap 
voltage and capacitance. It has been found that, the values of Rmax decreases after 
mixing graphite nanopowders in dielectric. The primary reason for obtaining glossy 
surface in powder mixed micro-EDM lies in the reduction of Rmax values. A surface 
may not be glossy, although it has lower average surface roughness if the surface has 
non-uniform crater distribution and variations in crater boundaries which scatter light 
in multiple direction making the surface dull [Pekas and Henriques, 2003; Wong et al., 
1998]. However, in powder mixed micro-EDM, due to uniform distribution of 
discharge energy associated with suspended powder particles, more uniform craters are 
formed. The smallest values of Rmax (0.17 µm) was obtained in PM milling micro-
EDM at 60 V, stray capacitance. This is due to the fact that, in milling micro-EDM, 
there is also influence of electrode scanning movement, which contribute in reducing 
the crater heights. Figures 9.21(a) and (b) illustrate the 3D surface texture of the 
machined surface for die-sinking micro-EDM without and with powder mixed 
dielectric. Similar for milling micro-EDM is shown in Figures 9.21(c) and (d). It has 
been found that the crater heights for both sinking and milling micro-EDM have been 
reduced significantly by the addition of graphite nanopowders to the dielectric. The 
maximum scale indicating crater height was 800 nm for die-sinking micro-EDM at 60 
V, stray capacitance which got reduced to 400 nm using the powder mixed dielectric. 
Similarly, for milling micro-EDM the maximum scale of crater height decreases from 
600 nm to 400 nm. It is observed that though both the scales showing the crater height 
is same for PM sinking and milling micro-EDM, some deposit of debris and molten 
metals are present in die-sinking [white peaks in Figure 9.21(b)], which are reduced 
greatly in the case of milling micro-EDM due to the scanning motion of the electrode. 
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                                              (a)                                                                                (b) 
Figure 9.20: Comparison of Rmax values without and with graphite nanopowder at 
different settings of (a) gap voltage and (b) capacitance 
 
   
              (a) die-sinking, without powder                                   (b) die-sinking, with graphite powder 
   
                   (a) milling, without powder                                     (b) milling, with graphite powder 
Figure 9.21: AFM images of 3D surface texture using (a) die-sinking micro-EDM 
without powder, (b) powder mixed sinking, (c) milling without powder and (d) powder 
mixed milling micro-EDM at 60 V, stray capacitance. 
 
9.7 Concluding remarks 
Based on the analytical study and experimental investigations, the following 
conclusions can be drawn from this study: 
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• The presence powder in the spark gap can drastically lower the breakdown 
strength of the dielectric and thus eventually result in a larger spark gap which 
facilitates the flushing process thus providing better surface finish, higher MRR 
and lower EWR in PM micro-EDM. 
• The discharging process becomes more uniform as the sparking is uniformly 
distributed among the particles, reducing the electric density of a single spark. 
Arising from the uniform distribution of sparking among the powder particles, 
relatively shallow craters are produced on the workpiece surface to result in 
improved surface finish during the PM micro-EDM of WC. 
• Particle sizes, concentration, density, thermal and electrical conductivity of the 
powder particles are influencing factors in fine-finish PM micro-EDM of 
tungsten carbide. For Both graphite and aluminium powders of 0.2-0.6 g/L 
concentration have been found to provide improved performance, although the 
spark gap and MRR increases with further increase of concentration. 
• Among the three powder particles semi-conductive graphite powder provides 
smooth and defect-free surface with lowest Ra and Rmax. The lowest value of Ra 
(38 nm) and Rmax (0.17 µm) was found in powder-mixed milling micro-EDM 
with graphite powder of concentration 0.2 g/L in dielectric at an electrical 
setting of 60 V and stray capacitance. Conductive Al powder was found to 
provide higher spark gap and MRR compared to semi-conductive graphite 
powder. On the other hand, non-conductive alumina nanopowder does not 
contribute significantly to the performance of the fine-finish micro-EDM. 
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Chapter 10 
Conclusions, Contributions and Recommendations 
 
10.1 Conclusions 
The conclusions obtained from this research on the micro-EDM based multi-process 
machining of tungsten carbide can be grouped under the following headings: 
• Micro-EDM drilling of WC without and with the assistance of vibration 
• Fine-finish sinking and milling micro-EDM of WC without and with 
nanopowder mixed dielectric 
• Modeling of the vibration-assisted micro-EDM and powder-mixed micro-EDM 
 
10.1.1 Micro-EDM drilling of WC without and with vibration 
• For the micro-EDM drilling of WC, RC-type pulse generator can produce 
micro-holes with good surface quality, rim free of burr-like recast layer, lower 
spark gap, good circularity and dimensional accuracy. 
• For the fabrication of deep-hole micro-EDM drilling in WC, the workpiece 
vibration has significant effect on the removal of debris particles from the 
machined zone and the gap phenomena during the vibration-assisted micro-
EDM. There is a continuous change in the dielectric fluid pressure in the 
working gap during the workpiece vibration-assisted micro-EDM. Therefore, 
there is a periodical suction and pumping action of dielectric fluid in the gap 
that helps to accelerate the dielectric circulation and debris removal, thus 
improving the overall flushing conditions. 
Conclusions, Contributions and Recommendations 
 
                                                                                            
                                                                                            
195
• There is significant reduction in the machining time due to the increase of 
effective discharge ratio which also reduces the arcing and short-circuiting. 
There is an overall improvement in the MRR, EWR, dimensional accuracy and 
surface quality of the micro-holes in vibration-assisted micro-EDM drilling. 
• For fabricating small and high-aspect ratio micro-holes in WC, on-machine 
fabrication of very high-aspect-ratio microelectrodes are essential. Moving 
Block-µEDM, a newer process was found to be capable of fabricating 
microelectrodes with aspect ratio as high as 60, with which 50 µm holes in WC 
with 16.7 aspect ratio was fabricated successfully with the help of workpiece 
vibration-assisted micro-EDM. 
 
10.1.2 Fine-finish sinking and milling micro-EDM of WC without and with 
nanopowder mixed dielectric 
• Nanosurface has been achieved in the micro-EDM of WC at the semi-finishing 
and finishing regime using very low discharge energy with the help of RC-
generator. In the finishing regime, the milling micro-EDM provides smooth 
and shiny surfaces at comparatively higher MRR than die-sinking.  
• Milling micro-EDM provides smooth and defect-free surfaces with lower Ra 
and Rmax as very low discharge energy can be applied in milling micro-EDM 
without making the machining unstable due to low workpiece/electrode 
capacitance. The values of Ra an Rmax obtained using milling micro-EDM at 
discharge energy of 0.0126 µJ are 48 nm and 0.2 µm. At the same discharge 
energy, the Ra and Rmax values achieved in die-sinking were 54 nm and 0.24 
µm respectively.  
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• During the fine-finish micro-EDM, addition of semi-conductive and conductive 
nanopowders in dielectric can improve the surface finish to a great extent by 
means of uniform distribution of sparking among the powder particles 
producing shallow craters. In addition, powder particles lower the breakdown 
strength and increase spark gap, which facilitate the flushing process, thus 
making the surface defect-free.  
• Particle sizes, concentration, density, thermal and electrical conductivity of the 
powder particles are influencing factors in fine-finish PM micro-EDM of 
tungsten carbide. The lowest value of Ra (38 nm) and Rmax (0.17 µm) was 
found in powder-mixed milling micro-EDM with graphite powder of 
concentration 0.2 g/L in dielectric at an electrical setting of 60 V and stray 
capacitance. 
 
10.1.3 Modeling of vibration-assisted micro-EDM and powder-mixed micro-EDM 
Vibration-assisted micro-EDM 
• It can be seen from the analytical study that, the performance of the workpiece 
vibration-assisted micro-EDM depends on Kv (the ratio of acceleration of the 
vibrating workpiece in gravitational acceleration ‘c’ to actual gravitational 
acceleration ‘g’). The effect of workpiece vibration will be effective only for Kv 
>1. The debris particle will lie on the vibrating workpiece when 0<(ωt+φ)<αd 
and jumps out of the plate when αd<(ωt+φ), where )1(sin 1 Kd
−=α  and K = 
(aω2/g) is the centrifugal effect.  
• The value of Kv and performance of vibration-assisted micro-EDM depends on: 
 Amplitude of the vibration 
 vibration frequency 
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 Phase angle of the vibrating plate 
• For Kv >1, There is a continuous change in the dielectric fluid pressure in the 
working gap during the workpiece vibration-assisted micro-EDM due to 
periodical suction and pumping action of dielectric fluid in the gap, which 
helps to accelerate the dielectric circulation and debris removal, thus improving 
the overall flushing conditions.  
 
Powder-mixed micro-EDM 
• In powder-mixed micro-EDM, the breakdown strength Ebr mainly depends on 
the powder particle size ‘r’, and concentration, ‘N’ in addition the permittivity 
of powder (εp) and dielectric (εl). 
• The gap width‘d’ increases with the addition of powder particles in dielectric.  
• The performance of powder-mixed micro-EDM is strongly influenced by the 
electrical conductivity of the particles. The higher the conductivity, the lower 
will be the breakdown voltage and higher the spark gap.   
 
10.2 Research Contributions 
The contributions from this research in the field of micro-EDM and micro-EDM of 
WC are discussed in this section. In addition, scientific interests and practical 
application of this research are also provided from the manufacturing perspective. 
• In this research, RC-type pulse generator has been approached for the micro-
EDM of WC, as the discharge energy can be minimized to a great extent. An 
RC-type pulse generator has been designed and developed by our research 
group for micro-EDM. To the best knowledge of author, no or very few studies 
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have been conducted elsewhere on the micro-EDM of WC using RC-type pulse 
generator.  
• For fabricating high-aspect-ratio micro-holes in difficult-to-cut WC, a low 
frequency workpiece vibration device has been designed and developed. In 
addition, an analytical modeling has been carried out on the mechanism of 
workpiece vibration-assisted micro-EDM which is completely new and will 
have significant contribution in the area of vibration-assisted micro-EDM.  
• Introducing low frequency workpiece vibration is a new approach applied for 
the micro-EDM drilling of any difficult-to-cut materials. Most of the previous 
studies used ultrasonic vibration with micro-EDM for drilling micro-holes in 
different materials. Moreover, they used tool vibration mode in their study. To 
best knowledge of the author, no study has been conducted elsewhere on 
workpiece-vibration-assisted micro-EDM for machining of tungsten carbide. 
• Very high aspect ratio micro-holes (16.7) in WC with good surface quality and 
dimensional accuracy have been fabricated using the RC-type pulse generator 
with the help of developed low frequency vibration device. To best knowledge 
of the author, this is the smallest diameter and highest aspect ratio micro-hole 
in WC among the reported research so far. In this regard, microelectrodes with 
aspect ratio of 75 (Ø 40 µm, 3 mm) were fabricated on-machine using a newer 
process of moving block-µEDM process. High-aspect-ratio micro-holes in 
difficult-to-cut materials may have significant contribution in the industries 
fabricating micro-nozzles for fuel injection. 
• A newer process milling micro-EDM has been approached for the fine-finish 
micro-EDM of WC using very lower discharge energy from the RC-type pulse 
generator and showed to provide much better performance than most 
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commonly used sinking micro-EDM. Thus, micro-EDM milling can open up 
new possibilities in EDM polishing of micro-moulds, micro-dies or even 3D 
micro-structures. 
• Investigations have been carried out on different nanopowder mixed dielectric 
which has never been applied for the EDM or micro-EDM of tungsten carbide. 
A significant improvement on the surface finish of WC was achieved which 
was competitive to any other research report on EDM or micro-EDM of WC. 
Powder mixed micro-EDM can be applied successfully in die and mould 
industries in order to polish the dies fabricated with carbides, therefore, 
removing the need for further finishing and hand lapping that usually carried 
out after EDM in industries. 
• An analytical modeling on the mechanism of powder-mixed micro-EDM was 
proposed, which shows the effect of powder characteristics during the process. 
So far, no study has been reported on the modeling of powder mixed micro-




This research focused on the micro-EDM based multi-process machining of tungsten 
carbide. As, micro-EDM of tungsten carbide is a newer area of research there may be 
many issues which could be studied further. A few directions in which further research 
and development can be carried out are as follows: 
• In this study, the existing transistor-type pulse generator has been replaced by 
the developed RC-type pulse generator, as it can produce very low discharge 
energy. However, one of the problems in RC-generator is the non-uniform 
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discharge energy which is commonly seen in low discharge energy settings. 
Therefore, future research can focus on upgrading the RC-circuit by an RLC 
circuit, in which the inductance L can be incorporated across the resistance and 
capacitance in the circuit. The introduction of inductance can nullify the noise 
signals and produce signals with same shape thus delivering uniform 
discharging. Moreover, in our RC-circuit the pulse ON-time and OFF-time 
cannot be controlled which need further development in addition to 
development in the gap control algorithm.  
• In this study, a low frequency vibration device has been developed. However, 
as this design was in the primary stage, flexure beams are used under the 
vibrating plate to trigger and release the oscillation of the electromagnet to the 
vibrating pad. However, the problems with this flexure beam that, sometimes 
there is possibility of producing taper micro-holes if the workpiece is not fixed 
at the middle of the vibration plate. Therefore, further development can 
consider well-designed springs instead of flexure beam to uniformly transfer 
the vibration onto the vibrating plate. In addition, the vibrating plate can be 
changed to circular shape instead of existing rectangular shape in order to 
uniformly distribute the oscillation. 
• In this research, analytical studies have been carried out on the mechanism of 
workpiece vibration-assisted micro-EDM. However, there is a scope for further 
developing the model and relating with different performance parameters, 
which was not possible due to time constraints and unavailability of resources. 
Therefore, future study can focus on further elaboration of the model and 
performance test of the model for different materials. In addition, future 
research can aim for fabricating much higher aspect-ratio (more than 100) 
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microelectrodes on-machine using moving Block-µEDM process so that much 
deeper micro-holes can be fabricated in difficult-to-cut materials. 
• In this study the mechanism of powder mixed micro-EDM has been explained 
mathematically. However, extensive study on the validation of all the models 
experimentally has not been possible as it requires some vigorous and intricate 
experimentation of plasma physics which was not possible to arrange due to 
unavailability of resources. Therefore, there is a scope of measuring the 
breakdown strength of the dielectric and spark gap before and during the 
powder mixed micro-EDM using high voltage equipments from Plasma 
Physics Lab. Moreover, validation of the model comparing the breakdown 
strength and spark gap theoretically and experimentally with different 
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Appendix B 
Effect of gap control parameters in the micro-EDM of WC 
 
B.1 Gap control parameters 
The parameter ‘short’ determines how many continuous sparks will be considered as 
short circuit. When ‘short’ parameter is set to high value, there will be more 
continuous sparks before the discharge circuit is turned off.  
 
The ‘open’ parameter is defined as the amount of time the electrode retracts once a 
short condition is identified.  
 
The ‘EDM gap control speed’ control the speed at which the electrode approaches to 
the workpiece, as in machining the feed rate determines the cutting speed.   
 
B.2 Algorithm of gap control parameters 
The algorithm of the micro-EDM gap control phenomena is described below: 
i. As the EDM starts, power supply turns on; the electrode starts rotating and 
continues to move towards the workpiece. 
ii. Once the gap between the electrode and workpiece is very small, sparking 
occurs. 
iii. During the sparking, the applied voltage between the electrode and 
workpiece is reduced. There is a threshold voltage level set for each setting 
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of open voltage. With the help of a threshold voltage setting, sparks are 
detected and counted.  
iv. If the voltage drop is below the threshold value (with the help of a voltage 
comparator), it is considered as proper machining spark and servo motor 
motion status is set to HOLD. 
v. When the number of continuous sparks exceeds ‘short’ parameter set in the 
software, the condition is set as short. When it is short circuit condition, a 
retract signal is sent and the electrode is retracted by the time set using ‘open’ 
parameter.  
vi. In case when the number of continuous sparks don’t exceed ‘short’, the 
sparking continues. 
vii. When normal discharge occurs, the machine continues with HOLD status. 
The electrode doesn’t advance. After some time materials ahead of electrode 
erode, gap is widened and no spark occurs. 
viii. Voltage again jumps over threshold.  
ix. Electrode is advanced and the count of sparks is reset from (i). 
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Figure B.1: Algorithm of micro-EDM gap control parameters for spark discharge and 
electrode movement 
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Figure B.2: Effect of ‘short’ parameter on (a) MRR, (b) RWR and (c) spark gap 
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Figure B.4: Effect of EDM gap control speed on (a) MRR, (b) RWR and (c) spark gap 
 
B.4 Conclusions 
The following conclusions can be drawn from this study: 
• The MRR increases with the increase of ‘short’ and ‘EDM speed’ and decrease 
of ‘open’ parameter. In case of RWR, it decreases with the increase of ‘open’ 
value and decrease of ‘short’ detection parameter. Moreover, the RWR 
decreases first then tend to increase again with EDM gap control speed. For 
better spark gap, lower value of short, open and EDM speed are desirable. 
•  Thus, considering all performance parameters the optimum values of ‘short’, 
‘open’ and ‘EDM speed’ for the micro-EDM of WC-Co were found to be 10, 
10, and 10 μm/sec respectively. 
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Appendix C 
Effect of non-electrical parameters in the micro-EDM of WC 
 
C.1 Non-electrical parameters 
In addition to several electrical parameters from pulse generator, there are also non-
electrical parameters that influence the EDM/micro-EDM process. For a fixed tool-
workpiece material combination, electrode polarity and electrode rotational speed are 
the two important properties that influence the process.  
 
C.2 Effect of non-electrical parameters 
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Figure C.1: Effect of electrode polarity on (a) MRR, (b) RWR and (c) taper angle of 
micro-holes for different settings of gap voltage in the micro-EDM of WC 
 
 
               
                            (i) Entrance side                                                    (ii) Exit side 
                                   (a) 80 V, 100 Ω, Ton = 15 μs, Toff = 30 μs, positive electrode polarity 
 
             
                          (i) Entrance side                                                        (ii) Exit side 
(b) 80 V, 100 Ω, Ton = 15 μs, Toff = 30 μs, negative electrode polarity 
 
Figure C.2: Entrance and Exit side images of the micro-holes machined in transistor-
type pulse generator using (a) positive; and (d) negative electrode polarity 
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(c) 
Figure C.3: Effect of electrode rotational speed on (a) MRR, (b) RWR and (c) spark 
gap for two different settings of resistances in the micro-EDM of WC-Co 
 
C.3 Conclusions 
• Electrode polarity and electrode rotational speed have significant influence on 
the machining characteristics during the micro-EDM of WC-Co.  
• Negative electrode polarity was found to be more suitable for the micro-EDM 
of WC as it provides higher MRR, lower RWR and better surface quality than 
that of positive polarity. 
